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The geographical range, abundance, and cohesion of populations can track landscape and 
climatic dynamism in ways that help set (and reset) the evolutionary trajectory of a species.  
Understanding the nature of this interaction can elucidate both evolutionary and geographical 
history as well as clarify the parameters that govern diversification.  In this study, I apply 
multilocus genetic data from populations of the North American ground skink, Scincella 
lateralis, to investigate phylogeographic history as well as the interaction between population 
genetic and geographical processes that have shaped it.  
First, I examined the geographic distribution of genetic diversity for S. lateralis and 
tested whether an interaction between riverine barriers and climate-mediated population 
contractions have contributed to observed patterns.  I found evidence for extensive mtDNA 
fragmentation resulting in 14 lineages and more moderate fragmentation of nuclear loci resulting 
in seven populations.  The distribution and bounds of diversity are consistent with differentiation 
in response to riverine barriers that were rendered more isolating in the past when populations 
likely resided in southern refugia. 
I next applied multilocus sequence data and several analytical methods to reconstruct 
hierarchical relationships among S. lateralis populations and determine how dispersal has 
impacted divergence.  In doing so, I explored the robustness of methods to assumption violations 
inherent when evaluating natural populations that have diversified recently and without complete 
isolation.  Discordant hierarchical structure was recovered when using different methods and 
estimates of divergence and migration were invoked to evaluate population relationships.  
Rejection of a model of isolation-with-migration is largely contingent upon whether regions near 
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adjacent populations are sampled, suggesting that recent gene flow following allopatric isolation 
is the primary mode of divergence. 
Finally, using mtDNA and microsatellite data I investigated the role of rivers in 
population genetics in more detail by estimating the current rate of S. lateralis migration across 
the Mississippi River and testing whether migration can be facilitated by meander loop cutoff, a 
common feature of major rivers.  I found that gene flow across the river is high and largely 
asymmetrical in the direction predicted by cutoff-mediated dispersal, supporting one mechanism 



















CHAPTER 1: INTRODUCTION 
 
Natural populations necessarily engage with a heterogeneous and changing environment.  
Fundamental characteristics of a species such as its abundance, range of occupancy, population 
connectivity, and prospects for diversification or extirpation can all be in flux in response to 
external abiotic forces (such as climatic, geographical, or landscape features) that direct and 
constrain the stochastic and mechanistic processes at play within populations (Mayr 1963; Avise 
2000; Gaston 2003).  Understanding the evolutionary implications of this interaction can provide 
insights into the origin of the vast diversity of species and the mechanisms that continue to 
sustain it (Coyne and Orr 2004).   
Recent advancements in both the ease of collecting multilocus genetic data from large 
samples of non-model organisms and sophisticated analytical techniques that can extract robust 
estimates of important population genetic parameters from these data (e.g., relating to 
demography, population structure, and gene flow) have enabled us to explore the detailed history 
of dynamic populations to a degree that was out of reach even a decade ago.  For instance, 
emerging coalescent models can estimate population structure and boundaries (e.g., Heled and 
Drummond 2010; Yang and Rannala 2010), population growth rate (e.g., Kuhner et al. 1998), or 
asymmetrical rates of migration (e.g., Hey 2010) while accounting for discordant histories 
among loci and the influence of genetic drift within a dataset.  In addition, ecologically-relevant 
estimates of dispersal can be gleaned even for populations far from migration-drift or Hardy-
Weinberg equilibrium by monitoring patterns of linkage disequilibrium (e.g., Faubet and 
Gaggiotti 2008; Broquet et al. 2009).    
In this dissertation, by applying such analytical methods to a large sample of multilocus 
genetic data, I address the evolutionary history of a North American terrestrial lizard, Scincella 
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lateralis, with a focus on elucidating the role of isolation and dispersal in shaping the current 
geographical patterns of diversity and the influence of environmental features on these 
population genetic processes.  In doing so, I highlight ways to confront problems inherent in 
attempting to disentangle population genetic processes within a group of morphologically-
cryptic, recently divergent, and partially-overlapping populations. 
INTRODUCTION TO THE STUDY SYSTEM 
Lizards of the genus Scincella are small semi-fossorial ground skinks whose primary distribution 
is throughout central, east, and southeast Asia (Greer 1974; Ouboter 1986), with 14 species 
described in China alone (Zhao and Adler 1993; Zhao et al. 1999).  Only four species are 
currently recognized in the New World (Mittleman 1950; García-Vázquez et al. 2010) which are 
thought to result from a single dispersal event across the Bering land bridge during the Miocene 
(Honda et al. 2003; Macey et al. 2006).  Scincella lateralis is the loan inhabitant of the genus in 
temperate North America and is continuously distributed throughout the southeastern United 
States from the Edwards Plateau in west Texas (Milstead et al. 1950) to the Atlantic coastal 
plain, as far north as northern Kansas and New Jersey.  Both highly abundant and dispersal 
limited (Brooks 1967; Fitch and Achen 1977), S. lateralis is well-suited to retain a signature of 
past population genetic effects that may result from interaction with habitat heterogeneity 
(Cruzan and Templeton 2000).  
No range-wide investigation of diversity in morphology, habitat, behavior, or genetic 
structure has yet to be carried out for S. lateralis and, although no morphological differences 
have been reported among populations (Lewis 1951; Johnson 1953; Brooks 1967), morphology 
is commonly very conserved in scincid lizards, often proving an unreliable surrogate of 
evolutionary history (Donnellan and Aplin 1989; Donnellan and Hutchinson 1990; Hutchinson et 
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al. 1990; Ineich and Zug 1991; Hickson et al. 1992; Austin 1995; Bruna et al. 1996; Hickson et 
al. 2000; Richmond and Reeder 2002; Honda et al. 2003; O'Connor and Moritz 2003; Dolman 
and Moritz 2006; Richmond and Jockusch 2007). 
The southeastern United States has attracted substantial phylogeographic attention over 
the past few decades (Auffenberg and Milstead 1965; Walker and Avise 1998; Avise 2000; 
Soltis et al. 2006; Pyron and Burbrink 2010) which has revealed several concordant zones of 
genetic discontinuity across a wide range of taxa (Remington 1968; Swenson and Howard 2005).  
The Mississippi River Valley and Apalachicola River exhibit the most consistent pattern of 
fragmentation among dispersal-limited taxa (reviewed in Soltis et al. 2006), indicating that 
riverine barriers may play an essential role in the generation and maintenance of diversity in the 
region.  However, there are also many instances where these rivers have apparently failed to 
isolate populations in the long term (Starkey et al. 2003; Zamudio and Savage 2003; Austin et al. 
2004; Fontanella et al. 2008; Guiher and Burbrink 2008), suggesting that the pertinent question is 
not whether rivers can contribute to diversification but rather when can they be effective barriers 
to dispersal and, the corollary, under what circumstances do they ultimately break down. 
 In addition to a series of longitudinal riverine barriers that transect the southeastern 
United States, the complex climatic history of the region, most recently involving the 
warming/cooling cycles of the Plio-Pleistocene, have also likely left a substantial stamp on the 
connectivity and range of native populations (Auffenberg and Milstead 1965; Lyons 2003).   The 
rich species diversity and complex geographical history of this region render it an ideal location 





Limitations of relying on the history of a single locus in phylogenetic and population genetic 
studies are well known (Pluzhnikov and Donnelly 1996; Maddison 1997; Rosenberg and 
Nordborg 2002; Kuo and Avise 2005), particularly when the locus is cytoplasmic in origin 
(Hudson and Coyne 2002; Zhang and Hewitt 2003; Zink 2005; Bazin et al. 2006; Balloux 2010).  
Sampling from multiple independent loci enhances the probability of inferring the correct species 
tree (Maddison and Knowles 2006; Edwards et al. 2007) and has been shown to reduce statistical 
variance associated with estimating population genetic parameters such as θ (Felsenstein 2006), 
divergence time (Edwards and Beerli 2000), growth rate (Kuhner et al. 1998), migration rate 
(Vitalis and Couvet 2001), and ancestral population size (Wakeley and Hey 1997).  Therefore, in 
Chapter 2 I describe the development of a microsatellite library from a single S. lateralis sample 
from which I was able to mine multiple anonymous nuclear loci (from microsatellite flanking 
regions) for use in Chapters 3 and 4 as well as 13 microsatellite loci for use in Chapter 5.  These 
markers have been a valuable resource for this study and will likely continue to contribute to 
diverse research involving S. lateralis in the future. 
In Chapter 3, I investigate the range-wide evolutionary history of S. lateralis as well as 
address the potential role of two environmental features on this history that have long been 
thought to contribute to species diversification: riverine barriers and climate change.  Empirical 
tests of rivers acting as barriers have been very limited in North America (but see Pounds and 
Jackson 1981; Kozak et al. 2006; Lemmon et al. 2007b).  Such tests have most often been carried 
out in the Amazon River basin in attempt to explain the vast species diversity in the region 
(reviewed in Hayes and Sewlal 2004) beginning with Alfred Russell Wallace (1852, 1876) who 
observed that the geographical boundaries of natural populations often align with major rivers.  
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He also noted that these boundaries tend to blur toward the headwaters, as might be expected if 
wide rivers are a barrier to migration.  In addition to riverine barriers, the movement of species 
into refugial habitat in response to climatic fluctuation has also been long thought to contribute 
to diversification (Haffer 1969).  However, few studies have explicitly investigated the potential 
for an isolating effect that depends upon the interaction of these two external forces.  Thus, in 
this chapter, I first reconstruct the phylogeographic history of the S. lateralis using mitochondrial 
(mtDNA) and nuclear (nDNA) DNA sequence data and secondly, I test several predictions of a 
river-refugia model of diversification.  In doing so, I recover 14 well-resolved mtDNA lineages 
distributed east–west along the Gulf Coast with a subset of lineages extending northward. In 
contrast, ncDNA exhibits limited phylogenetic structure or congruence among loci.  However, 
multilocus population structure is broadly congruent with mtDNA patterns and suggests that 
deep coalescence rather than differential gene flow is responsible for mtDNA–ncDNA 
discordance.  The patterns recovered suggest that most lineages originated from population 
vicariance due to riverine barriers strengthened during the Plio–Pleistocene by a climate-induced 
coastal distribution and that diversification due to rivers is likely a special case, contingent upon 
other environmental or biological factors that reinforce riverine barrier effects. 
Although I observed broad concordance between the fragmentation inferred using 
mtDNA and nDNA when comparing geographically wide-ranging lineages, there are several 
mtDNA clades near the Gulf Coast not reflected in nuclear data.  In addition, inferring the 
hierarchical relationships among these nDNA populations has been confounded by the effects of 
1) incomplete and stochastic sorting of alleles that originated in the ancestral population and 2) 
recent or long-term gene flow between populations.  Thus, in Chapter 4 I expand my sampling of 
nDNA sequences from across the range of S. lateralis and implement several emerging analytical 
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methods that are capable of addressing the boundaries and hierarchical relationships of lineages 
that are morphologically cryptic, recently derived, and likely exchanging migrants.  Specifically, 
I combine hierarchical cluster analysis, coalescent species tree inference, and migration-
divergence population genetics to investigate hierarchical population structure and the role of 
gene flow in diversification of this group.  In doing so, I assess the sensitivity of these methods 
to aspects of sampling (in regards to geographically-structured gene flow, sample size, and 
recombination) and analysis assumptions (in regards to the effects of migration, unsampled 
populations, and phylogeny) and also discuss how this sensitivity can aid in the reconstruction of 
evolutionary history.  Data best support seven largely-parapatric populations that continue to 
reflect discordance with mtDNA phylogeography.  Population topologies inferred using 
hierarchical cluster analysis and species tree inference show some conflict which is addressed 
using estimates of population divergence and migration.  Allopatric divergence is rejected for 
most populations, although removal of samples near regions of parapatry reduces the number of 
populations for which migration-with-gene flow is inferred, suggesting that divergence in 
isolation followed by migration upon secondary contact may best explain inferred migration 
estimates. 
In Chapter 5, I take a closer look at one particular riverine barrier, the Mississippi River, 
which has contributed to population fragmentation in S. lateralis as well as a large number of 
other similarly-vagile taxa (Walker et al. 1998; Burbrink et al. 2000; Pfau et al. 2001; Brant and 
Orti 2002; Burbrink 2002; Leaché and Reeder 2002).  Although major rivers such as the 
Mississippi River impose a well-known barrier effect on many organisms distributed across 
them, investigating the specific circumstances under which migrants are nonetheless permitted 
across riverine barriers can contribute to predicting types of rivers or organisms most likely to 
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impel or incur phylogeographic effects.  One common characteristic of large rivers often cited as 
important for compromising the isolating effects of rivers is the recurrent process of channel 
migration due to meander loop cutoff (Haffer 1992; Peres et al. 1996; McLuckie et al. 1999; 
Hayes and Sewlal 2004; Haffer 2008).  This process, which results in the formation of oxbow 
lakes, is thought to facilitate the passive transport of organisms inhabiting the meander loop from 
one side of the river (before cutoff) to the other (after cutoff).  Although migration by oxbow-
transfer is thought to be a problem for the riverine barrier hypothesis, the phenomenon has not 
been demonstrated empirically.  In this chapter, I sample S. lateralis populations on opposite 
sides the Mississippi River, specifically sampling near three extant oxbow lakes.  Using 13 
microsatellite loci and a mtDNA marker, I assess the relative influence of isolation and migration 
on current population structure near the river as well as test for genetic patterns expected due to 
meander cutoff-facilitated migration.  I find evidence for two populations on opposite sides of 
the river that are weakly or strongly divergent based on microsatellites and mitochondrial DNA, 
respectively, but that engage in significant contemporary gene flow.  Geographic patterns of 
allelic frequency are generally consistent with predictions of the oxbow-transfer hypothesis, 
although, my ability to implicate meander cutoffs is somewhat diminished by potentially 
confounding effects from other stochastic or historical processes.  This study highlights the 
importance of recurrent river dynamics in shaping population cohesion as well as the challenges 
inherent in attributing fine-scale genetic patterns to specific riverine phenomena given the kinetic 
nature of river systems.  
Finally, I conclude the dissertation in Chapter 6 by briefly summarizing the important 
findings of this study and their implications for population genetic research.  I also discuss 
possible avenues of future study that can expand our understanding of this intriguing system.    
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CHAPTER 2: MICROSATELLITES ISOLATED FROM THE NORTH AMERICAN 
GROUND SKINK (SCINCELLA LATERALIS)*  
 
The North American ground skink, Scincella lateralis, is a small, mesic-adapted, leaf-
litter-dwelling lizard endemic to the southeastern United States.  Although S. lateralis is one of 
the most abundant reptiles in the southeastern United States (Dundee and Rossman 1989; Conant 
and Collins 1998), a recent phylogeographic study has shown that a very high level of cryptic 
fragmentation exists across the species range and that some groups have been isolated to 
geographically-restricted areas along the Gulf Coast (Jackson and Austin 2010).  To better 
understand the evolutionary significance of these groups as well as the nature of the dispersal 
limitation that created them, we have developed 13 microsatellite loci to be used in a series of 
landscape and population genetic studies geared toward exploring the effects of current and 
ancient landscape features on ground skink dispersal and the genetic consequences of secondary 
contact between distinct lineages.  These loci will allow us to both identify the potential 
consequences of ongoing landscape alteration on the connectivity of ground skink populations 
and to better characterize the vast cryptic diversity exhibited by this species such that its 
evolutionary potential can be properly managed and conserved. 
To develop these loci, we first doubly-enriched a microsatellite library from a single S. 
lateralis sample (from Stone County, Arkansas) following the protocol of Glenn & Schable 
(2005).  Described briefly, genomic DNA was extracted using a Qiagen DNeasy kit (Qiagen, 
Valencia, CA) and then digested using restriction enzyme RsaI (New England Biolabs) and 
ligated to double-stranded SuperSNX linkers SuperSNX24 Forward (5’-
GTTTAAGGCCTAGCTAGCAGCAGAATC) and SuperSNX24 Reverse (5’-
                                                 
* Reprinted with permission of Conservation Genetics Resources 
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GATTCTGCTAGCTAGGCCTTAAACAAAA).  Linker-ligated DNA was denatured,  
hybridized to three separate mixes of biotinylated microsatellite probes (mix 2 = (AG)12, (TG)12, 
(AAC)6, (AAG)8, (AAT)12, (ACT)12, (ATC)8; mix 3 = (AAAC)6, (AAAG)6, (AATC)6, (AATG)6, 
(ACAG)6, (ACCT)6, (ACTC)6, (ACTG)6; mix 4 = (AAAT)8, (AACT)8, (AAGT)8, (ACAT)8, 
(AGAT)8), and captured on streptavidin beads (Dynal).  Unhybridized DNA was then washed 
away while the remaining DNA was eluted and amplified using polymerase chain reaction 
(PCR).  PCR products were enriched a second time using the process described above, after 
which doubly-enriched amplicons were ligated to vectors and cloned using a TOPO-TA Cloning 
Kit (Invitrogen, Carlsbad, CA). 
Cloned inserts from 192 colonies were isolated and amplified using M13 primers, 
followed by purification and cycle-sequencing with a BigDye Terminator kit v3.1 (Applied 
Biosystems, Foster City, CA).  Sequences were electrophoresed on a 3130xl Genetic Analyzer 
(Applied Biosystems). 
Primer design was carried out using MSATCOMMANDER v0.8.1 (Faircloth 2008) with 
the stipulation that one primer within each pair contains a 5’ engineered oligo (CAG tag 5-
CAGTCGGGCGTCATCA-3’) that can anneal to a fluorescently-labeled (6-FAM) probe during 
amplification, facilitating visualization of amplicons on a capillary sequencer.  Unlabeled 
primers were also tagged with 5’ GTTT to promote non-template A addition during PCR.  Thirty 
primer pairs were used to optimize microsatellite amplification for a panel of four to eight 
individuals (depending on locus) across a gradient of annealing temperatures, ranging from 50 to 
65°C.  PCRs were performed in 20µl volumes using 2.5µl genomic DNA (10ng/µl), 2µl of 10X 
buffer with MgCl2 (15mM), 2µl BSA (250µg/mL), 0.4 µl of dNTP solution (10 mM of each 
nucleotide), 0.12µl Taq polymerase (5U/µl, Sigma-Aldrich, St. Louis, MO), 0.54µl 6-FAM-
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labled CAG tag (10µM), 0.6µl unlabeled primer (10µM), 0.6µl labeled primer (1µM), and 
11.24µl purified H20.  Reactions were carried out by denaturing for 3 minutes at 96°C followed 
by 35 cycles of denaturation (30 seconds at 94°), primer annealing (45 seconds at 50-65°), and 
extension (1 minute at 72°), ending with a 6-minute final extension at 72°.  PCR products were 
electrophoresed on a 3100 Genetic Analyzer and scored using Genemapper v3.7 (Applied 
Biosystems) against a Naurox size standard (DeWoody et al. 2004). 
Thirteen loci that demonstrated reliable amplification, good genotype readability, and 
polymorphism were selected to be amplified for 37 S. lateralis individuals sampled from near 
False River, a Mississippi River oxbow lake near New Roads, Louisiana.  Genotyping was 
carried out as described for optimization and the results are listed in Table 1.1.  Allelic richness 
(k), polymorphic information content (PIC), and proportions of observed versus expected 
heterozygosity were then calculated for these samples using Cervus v3.0.3 (Marshall et al. 1998).  
Exact tests for Hardy-Weinberg equilibrium (HWE) and linkage disequilibrium among loci were 
carried out using GENEPOP v3.4 (Raymond and Rousset 1995).  No significant genotypic 
disequilibrium was detected among loci after a Bonferroni correction, although, four loci 
exhibited significant deviation from HWE (Table 1.1).  These deviations may be due to a 
substantive incidence of null alleles at these loci or to likely genetic substructure within the 
sample.  A previous study has observed mixed clades and populations at this sample locality 
based on population genetic analysis of mitochondrial and multilocus nuclear data, respectively 
(Jackson and Austin 2010).  These microsatellite loci will be useful in studying the scope, 
origins, and behavior of this zone of population overlap in southeastern Louisiana as well as in 
the investigation of a variety of other landscape and population genetic phenomena that govern 
connectivity, diversification, and maintenance of populations within this North American lizard. 
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Table 2.1.  Specifications for 13 microsatellite loci screened in 37 Scincella lateralis samples.  GB = Genbank accession number; Ta  
= PCR annealing temperature; N = number of individuals per locus; k = number of alleles per locus; H0 and H1 = observed and 
expected heterozygosities, respectively; and PIC = polymorphic information content.  * indicates loci not in HWE after Bonferroni 
correction.  Primers indicated with 5’ CAG were engineered with a CAG tag sequence (5’-CAGTCGGGCGTCATCA-3’) as explained 
in the text. 
 
 
Locus/GB Primer sequence 5'-3' Repeat motif Ta (˚C) Size range (bp) N k H0 H1 PIC 
P1-20 F: CAG-AGCAACAGCAAGCATGGG (AGT)^23 53 226-290 37 21 0.9189 0.9493 0.9329 
HM627393 R: GTTTAAGGCATTGTGTTGGGCAC         
P1-26 F: CAG-TCTAGCAGCATTGGGGAGC (GTTT)^7 53 222-246 37 6 0.2973* 0.7242 0.6706 
HM627394 R: GTTTGCTGTGTGTCTGTGCCATC         
P1-45 F: CAG-TTGGGTCACGAGTTGTCCG (ATCT)^23 60 211-315 37 25 0.9189 0.9611 0.9457 
HM627395 R: GTTTTCACATCATCGGTCTTTGCC         
P2-C03 F: GTTTTGTGTTCCATATCACAAGCCC (CATT)^18 60 164-228 37 15 0.7838 0.8963 0.8738 
HM627396 R: CAG-TGCATTCCTTCAGTCGAAAGC         
P2-D11 F: CAG-ACCTATGCCGTCAGCCAC (AAAC)^8 63 221-239 37 6 0.6216 0.6479 0.571 
HM627397 R: GTTTACAAATCTGGGGTAGTGGGG         
P2-E02 F: CAG-GGGATCAAGCAGGGTCAG (AAAG)^23 55 155-250 37 19 0.973 0.9315 0.9138 
HM627398 R: GTTTGGGGAGGAAATGGGGAAGG         
P2-E08 F: CAG-TTGGCATAGGAAAGGCGGG (GAT)^18 63 176-210 37 12 0.6486 0.8545 0.825 
HM627399 R: GTTTCACCACTATTGCCCACCAC         
P2-E12 F: CAG-TCCCCTCAAACACCATGC (ATGT)^28 55 218-295 37 16 0.8919 0.9108 0.8902 
HM627400 R: GTTTCAGCAATGACCAGAACCCC         
P2-F11 F: GTTTAGCCTCTTTGCTCATTTGC (AATG)^10 60 208-272 37 13 0.6216* 0.8823 0.8571 
HM627401 R: CAG-GCCATCCTGGAAACTGC         
P1-08 F: CAG-CAGTGGCGTAGCTAGGTG (CATT)^11 53 165-201 37 8 0.3784* 0.8245 0.7878 
HM627402 R: GTTTTTGTTGCTCTGCATCAGCC         
P1-76 F: CAG-GGCTTGGGTCAAGTAAGAAC (CATT)^15 60 156-208 37 14 0.9189 0.9126 0.8919 
HM627403 R: GTTTTTGCAGATAGGGGTTGCAG         
P2-C08 F: GTTTGCAAATGCAGTCTGTCCCC (GAT)^16 60 220-241 37 7 0.7297 0.8138 0.7743 
HM627404 R: CAG-CCTTTTAGAGCAGGACCCAG         
P2-G08 F: CAG-TTGGTTGGTTGGTTGGCTG (GATT)^9 60 249-265 35 5 0.2286* 0.7093 0.6449 





CHAPTER 3: THE COMBINED EFFECTS OF RIVERS AND REFUGIA GENERATE 
EXTREME CRYPTIC FRAGMENTATION WITHIN THE COMMON GROUND 
SKINK (SCINCELLA LATERALIS) 
 
The evolutionary legacy imparted by Pleistocene climate change to naturally dispersing 
populations and species has been subject to considerable investigation (Smith 1957; Blair 1958; 
Lundelius et al. 1983; Hewitt 1996; Hewitt 2000; Provan and Bennett 2008), in part due to what 
this legacy can tell us about the climatic conditions experienced during the Quaternary as well as 
about the processes of species formation and extinction (Waltari et al. 2007).  Recent reviews of 
phylogeographic studies implemented across several continents (Brunsfeld et al. 2001; Hewitt 
2004; Soltis et al. 2006; Gomez and Lunt 2007; Byrne 2008; Stork and Turton 2008; Zeisset and 
Beebee 2008) reveal remarkable heterogeneity in the population genetic responses of co-
distributed species to the Pleistocene, reflecting that climate change is not a deterministic driver 
of evolution but just one among many factors (e.g., ecological, genetic, geographical) which 
interact to shape population genetic patterns (Byrne 2008).  Climatic fluctuations throughout the 
Pleistocene resulted in a variety of both diversifying (e.g., Lister 2004; Provan and Bennett 
2008) and homogenizing (e.g., Zink et al. 2004; Loehle 2007) consequences depending on the 
taxa assayed, and understanding the interaction of climate change with other forces can help 
explain the distinctive evolutionary histories observed for species that have experienced the same 
climatic cycles.    
 Rivers are one force that may interact with Pleistocene-induced range-shifting to 
maintain and even generate diversity in the face of reduced, consolidated, or extirpated 
populations (Haffer 1997; Schneider et al. 1999; Anthony et al. 2007).  For many terrestrial 
organisms, rivers (and their surrounding regions) can act both as refugial mesic habitat in the 
face of xerification (Delcourt and Delcourt 1981; Haffer 1997) and as barriers to gene flow 
*Reprinted with permission of Evolution 
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between populations on either side (Sick 1967).  The refugial effect of rivers can both sequester 
pre-Pleistocene diversity that would otherwise not survive in the wider more arid environments 
(Evans et al. 2004) and generate new diversity by isolating previously interbreeding populations 
to refugial islands (Holder et al. 1999).  This effect is however contingent upon the existence of 
such refugia and the ability of a species to reach and survive in potentially small, ephemeral, and 
isolated pockets of suboptimal habitat (Davis 1983).  The barrier effect of rivers, likely strongest 
far from the headwaters where they are widest and most impenetrable to would-be migrants 
(Haffer 1992), can potentially generate or retain population genetic structure within a single 
refugium.  Climate change can also strengthen the barrier effect of a river if wide-ranging 
populations normally able to circum-navigate a riverine barrier at the headwaters are forced to 
contract their ranges toward warmer, moister habitat near the mouth of a river where it is most 
isolating (Capparella 1991; Haffer 1997).  This river-refugia effect is contingent upon the 
inability of organisms to migrate across wide rivers and the persistence of populations in 
multiple refugia.  
 The southeastern United States has been the focus of substantial phylogeographic inquiry 
over the past few decades (Auffenberg and Milstead 1965; Walker and Avise 1998; Avise 2000; 
Soltis et al. 2006), with much attention being paid to the identification of both geographic 
barriers to gene flow and hospitable mesic refugia that might have retained or produced its 
substantial diversity during glacial maxima (Delcourt 2002; Waltari et al. 2007).  Much of this 
attention has highlighted the evolutionary importance of two major rivers in the region:  the 
Mississippi and Apalachicola Rivers.  Data from both phylogeographic inquiry (reviewed in 
Soltis et al. 2006) as well as pollen and macro-fossils (Delcourt and Delcourt 1981; Watts 1983; 
Jackson et al. 2000) provide strong evidence for the existence of many warm mesic-adapted 
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species within the Mississippi River Valley and Apalachicola River-region of northern Florida 
throughout the Pleistocene.  Additionally, well-established genetic discontinuities within a 
variety of taxa are concordant with the Mississippi (e.g., Brant and Orti 2002; Leaché and Reeder 
2002), Apalachicola (e.g., Burbrink et al. 2000; Pauly et al. 2007), and to a lesser extent, 
Tombigbee Rivers (e.g., Gill et al. 1993; Gamble et al. 2008), indicating an important role for 
these rivers in driving diversification in the region.   
 While additional Pleistocene refugia in high-elevation regions such as the Ouachita 
(Shepard and Burbrink 2008), Ozark (Austin et al. 2004), and Appalachian mountains (Church et 
al. 2003; Kozak et al. 2006; Walker et al. 2009) must be invoked to explain extant 
phylogeographical patterns further north, identification of other refugia along the Gulf Coast 
(which largely lacks the topography allowing for mesic refugia in highlands) has been more 
difficult.  Pockets of mesic refugia likely existed throughout the Gulf Coast (Davis 1983), 
particularly along the bluffs of major rivers (Delcourt 2002), but it is unclear how extensive or 
reliable such refugia were during the Pleistocene (Jackson et al. 2000).  Additionally, beyond the 
Apalachicola, Mississippi, and Tombigbee Rivers, a potential long-term barrier effect of major 
rivers in southeastern North America has received little support for terrestrial organisms (but see 
Pounds and Jackson 1981; Kozak et al. 2006; Lemmon et al. 2007a) and empirical evidence is 
mixed on whether such smaller, though still formidable, rivers are sufficiently impenetrable or 
enduring to permit evolutionarily significant genetic or phenotypic divergence to accumulate 
between populations on opposite banks (Haffer 1969; Capparella 1991).  Given the identification 
of such pocket refugia along the Gulf Coast, the potential for the isolating power of major rivers 
to be strengthened by Pleistocene-induced range contractions of populations into riverine-
associated refugia can be investigated.   
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 Here, we report on the finding of an unusual pattern of iterative mtDNA population 
fragmentation observed in the common ground skink (Scincella lateralis) that is consistent with 
diversification by a combination of Pleistocene refugia and rivers.  These findings suggest a 
more consistent supply of mesic refugia along the Gulf Coast than has previously been shown for 
this region (Jackson et al. 2000; Loehle 2007; Gonzales et al. 2008).  In this study we describe 
and analyze the mtDNA pattern, assess the consistency of this pattern across the genome at eight 
nuclear loci, and test three predictions of a river-refuge origin of diversity (Capparella 1991; 
Haffer 1997): (1) Distinct lineage boundaries or genetic discontinuities should be delineated by 
rivers, with most rivers associated with divergence near the coast, and only the largest rivers 
associated with divergence further north, (2) Recent population growth of S. lateralis populations 
from hypothesized refugia should be evident, and (3) Estimates of divergence should date to or 
near the Plio-Pleistocene.  Results from this study highlight the potential power of rivers as an 
evolutionary force, but also the contingency of rivers-as-barriers, their effectiveness being 
dependent upon other, often labile, environmental or biological factors. 
 Scincella lateralis, one of the most abundant reptiles in the southeastern United States 
(Dundee and Rossman 1989; Akin 1998; Conant and Collins 1998) is well-suited for a study on 
the isolating-potential of rivers and refugia due to its low vagility  (Brooks 1967; Fitch and 
Achen 1977) and wide-ranging distribution across most major rivers along the southeastern 
coastal plains.  Populations exhibit a similar morphology across the species range (Lewis 1951; 
Johnson 1953; Brooks 1967) and no subspecies or geographical variants have been proposed.  
Though exhibiting a wide tolerance to a variety of habitats (Milstead et al. 1950; Dundee and 
Rossman 1989), S. lateralis is reliant on warm-temperate and mesic conditions (Milstead 1960; 
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Ashton and Ashton 1985) best provided by the present day deciduous and mixed forests of the 
southeastern United States. 
MATERIALS AND METHODS 
Sampling 
We collected tissue from 367 ingroup specimens (Appendix A) representing 100 sampling 
localities (Appendix B) from throughout the range of the species, with some attention to 
sampling near major rivers (Figure 3.1).  Two additional samples, S. gemmingeri and 
Sphenomorphus cherriei, were included as outgroup specimens, in part based on previous 
phylogenetic analysis (Honda et al. 2003).  The complete cytochrome b mitochondrial gene 
(cytb), including 33 base pairs of the downstream flanking tRNA-Thr gene (1177 total base 
pairs), was sequenced for all individuals.  A geographically representative subsample of 63 
individuals (including the outgroup S. gemmingeri) was selected for further sequencing at eight 
nuclear loci (4673 total base pairs; Appendix C).  These loci include one intron: selenoprotein T 
(SELT; 852 bp); one protein-coding gene: the prolactin receptor (PRLR; 558 bp); and six non-
coding genomic loci (ranging from 443 to 641 bp), discussed below (Table 3.1).  
Collection of Genetic Material 
Either liver or tail tissue was sampled from each lizard and preserved in ≥95% ethanol and/or 
stored at -80° C.  Genomic DNA was extracted using either salt-extraction (Fetzner 1999) or a 
Quiagen DNeasy extraction kit.  Six non-coding nuclear loci were developed from select cloned 
sequences screened from a genomic microsatellite library created from a single S. lateralis 
individual (sample NDJ764; Appendix A).  Initially, of 192 sequenced clones, 20 candidate loci 
were selected from clones either lacking microsatellites or containing substantial microsatellite 
flanking regions.  Primer pairs were developed for these loci using Primer 3 (Rozen and 




Figure 3.1. Geographical distribution of localities sampled for this study, with numbers corresponding to locality numbers in 
Appendix B.  Circle colors correspond to 14 reconstructed mtDNA clades, where localities harboring multiple clades are indicated by 
circles with mixed colors filled in proportion to clade representation.  Grey boxes outline areas depicted in more detail in Figure 3.3.  





Table 3.1. List of primers used in this study.  All primers developed for this study except 1(Irwin 
et al. 1991), 2modified from CBSH (Whiting et al. 2003), 3modified from CYTB R.2 (Whiting et 




individuals (representative of the major mtDNA variation as then understood for the species).  
Ascertainment bias was minimized by 1) using a large screening panel composed of divergent 
populations and 2) basing the inclusion of loci into the final dataset on our ability to obtain 
quality sequences rather than on the variability of observed polymorphisms (Rogers and Jorde 
1996; Brumfield et al. 2003).  All loci were compared against sequences in an online genome 
database using BLASTN (Altschul et al. 1997) to assess homology with known genomic regions.  
Polymerase chain reaction (PCR) of genomic DNA was carried out in accordance with standard 
protocols (Austin et al. 2009) and amplicons were purified by combining 5 μl PCR product with 
0.25 μl Exonuclease I (20 units/μl), 0.25 μl of Antarctic phosphatase (5 units/μl), 0.25 μl 10X 
Locus name Primer name Primer sequence (5'-3') 
cytochrome b L1472411 F: CGA AGC TTG ATA TGA AAA ACC ATC GTT 
CCAM504R2 R: GGC AAA TAG GAA RTA TCA TTC TGG 
CCAM505F3 F: GAT AAA ATC CCA TTY CAY CCA TA 
CCAM506R4 R: GGY TTA CAA GAC CAR TGC TTT 
P1-18 CCAG606F F: ATG GAA CCA ATG CAT TCT GAG 
CCAG607R R: GGC AAT CCA GAT CAA GAC AAA 
P1-23 CCAG608F F: CAG AAG TAG CCA TGC TTT CAC A 
CCAG609R R: GCA AAC TTC AAA AGG GAA ACA C 
P1-58 CCAG614F F: GCA AGG GTT GTG TTA GGT TTT C 
CCAG615R R: CAA CCT CTA GGG CTT CTT AGC A 
P2-03 CCAG622F F: GCT CTC TTC CAC AGC TTT CAT T 
CCAG623R R: AAA CTG GAT TGT CAC CCA AAA C 
P2-07 CCAG630F F: CTA TGC CCC AAT TTC CTT GAT 
CCAG631R R: GCC ATT GTT CTA TCC CAC ATT T 
P2-42 CCAG636F F: AAG ATG GCA TTT TAG GGA AGG T 
CCAG637R R: CAT CGC AAC AAT TTC AAG GTT A 
prolactin receptor PRLR-F15 F: GAC ARY GAR GAC CAG CAA CTR ATG CC 
PRLR-R35 R: GAC YTT GTG RAC TTC YAC RTA ATC CAT 
selenoprotein T Selt-F6 F: GTT ATY AGC CAG CGG TAC CCA GAC ATC 
  Selt-r6 R: GCC TAT TAA YAC TAG TTT GAA GAC TGA 
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buffer (50 mM Bis-Tris-Propane-HCl, 1 mM MgCl2, 0.1 mM ZnCl2 ), and 4.25 μl purified water, 
followed by incubation for 20 minutes at 37° and 15 minutes at 80°.  Double-stranded cycle-
sequencing was carried out for each amplicon using a BigDye Terminator cycle-sequencing kit 
v3.1 (Applied Biosystems).  After sequences were cleaned using Sephadex, they were 
electrophoresed on a 3100 Genetic Analyzer (Applied Biosystems). 
DNA Alignment, Phylogenetic, and Network Analysis 
Sequences were edited and assembled into contigs using Sequencher v4.6 (GeneCodes, Ann 
Arbor, MI) and cytb and PRLR datasets were translated into amino acids to check alignment.  
Alignment of non-coding regions was carried out using Clustal X v2.0 (Larkin et al. 2007) and 
results were adjusted as necessary by eye.  For nuclear datasets, haplotype phase was 
reconstructed using a Markov Chain Monte Carlo (MCMC) algorithm as implemented in 
PHASE ver2.1 (Stephens et al. 2001; Stephens and Scheet 2005).  The program was run multiple 
times for each dataset and haplotype frequency and goodness of fit were compared across runs to 
assess the consistency of results.  Six nuclear sequences were unreadable due to heterozygous 
indels and removed from the analysis. 
We collapsed each dataset into unique haplotypes using Collapse v1.2 (Posada 1999) and 
reconstructed gene phylogenies using both Bayesian inference (BI) and maximum likelihood 
(ML) optimality criteria.  The most likely model of nucleotide substitution was selected (using 
Akaike information criterion) for each locus (and for codon-based partitions of datasets for 
protein-coding loci) after performing likelihood ratio tests in Modeltest v3.7 (Posada and 
Crandall 1998). For the cytb dataset, we performed a full likelihood heuristic search (200 
replicates) in RAxML-HPC v7.0.3 (Stamatakis 2006) assuming a general time-reversible (GTR) 
model of evolution with Γ-distributed rate heterogeneity, four rate categories, and an estimation 
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of the proportion of invariable sites.  To assess nodal support, we also performed 1000 replicates 
of non-parametric bootstrapping implemented in RAxML-HPC v7.0.3.  BI phylogenies for cytb 
and each nuclear locus were reconstructed using MrBayes v3.1.2 (Ronquist and Huelsenbeck 
2003).  For each dataset, searches were carried out for two independent runs each consisting of 
four Markov chains that were permitted to run for 5-20 million generations, with sampling every 
1000 generations.  Convergence was confirmed by inspecting split frequency plots constructed 
using AWTY (Nylander et al. 2008) and 50% consensus trees were constructed using post-burn-
in genealogies.  All eight nuclear datasets were concatenated and a partition homogeneity test 
(100 replicates) was implemented in PAUP* v 4.0b10 (Swofford 2002) to assess the level of 
well-supported discordance among individual topologies.  Simultaneous analysis was not carried 
out via concatenation given obvious topological differences among gene histories (Kubatko and 
Degnan 2007; Edwards 2009) and the significant degree of geographical contact and migration 
observed among some ncDNA populations (see Results) renders these datasets poorly suited for 
novel methods of multilocus phylogenetic reconstruction (Brumfield et al. 2008; Eckert and 
Carstens 2008).   
 Finally, given the potential for multifurcations and reticulations within intraspecific gene 
trees (Rosenberg and Nordborg 2002) we also constructed haplotype networks for single-gene 
nuclear datasets which are better able to represent such non-bifurcating relationships (Posada and 
Crandall 2001).  Networks were constructed using statistical parsimony (Templeton et al. 1992) 
as implemented in TCS ver. 1.21 (Clement et al. 2000) at the 95% confidence level. 
Population Diversity and Structure 
Standard haplotype (Hd) and nucleotide (π) diversity indices were calculated for each single 
gene dataset and mtDNA lineage using Arlequin v3.1.1 (Excoffier 2005).  Average corrected 
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(Kimura 2-parameter; K2P) and uncorrected pairwise genetic distances within and between 
major mtDNA lineages were calculated using MEGA v3.1 (Kumar et al. 2004).  Rough estimates 
of divergence times among mtDNA clades were calculated assuming a molecular clock that 
represents the minimum and maximium of the 1-2% range of cytb divergence rates estimated for 
various small-bodied lizards and lygosomine skinks (Austin 1995; Brown and Pestano 1998; 
Gübitz et al. 2000; Malhotra and Thorpe 2000; Poulakakis et al. 2005).  We also investigated 
substitution rate heterogeneity among mtDNA lineages by performing a phylogenetically-
weighted relative rates test in RRTREE (Robinson-Rechavi and Huchon 2000).   
Population structure of the eight nuclear loci was investigated using a Bayesian clustering 
method implemented in Structure v2.2.3 (Pritchard et al. 2000).  We first estimated the most 
likely number of populations (K), as well as the most probable individual assignments to 
populations, given multilocus genotypic data.  Applying the linkage model (Falush et al. 2003) to 
the raw phased sequence data (where linkage was allowed within, but not among loci), we ran 
Structure for all values of K between K=1 and K=8 ten times each for at least 150,000 
generations (with an additional burn-in of 200,000).  After it was determined that K=3 had the 
highest likelihood (see below), we also ran Structure for each of these three populations 
separately three times each for K=1 through K=6.  The mean likelihood estimate [ln Pr(X|K)] 
from replicate runs for each value of K was used to estimate the posterior probability for each K 
[Pr(K|X)] by assuming a uniform prior on K (Pritchard et al. 2000). 
Estimates of θ (=4Neμ) and migration rates among the three Structure-inferred 
populations were obtained jointly for the ncDNA dataset by carrying out parameter searches 
using a Metropolis MCMC Bayesian-style sampling algorithm implemented in LAMARC v2.1.3 
(Kuhner et al. 1998; Kuhner 2006).  Because the coalescent process as modeled here assumes no 
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genealogical reticulation due to recombination, we used a dataset from which recombining 
regions were removed.  Using the program IMgc (Woerner et al. 2007) we generated 
recombination-free blocks of data by filtering out all regions in the multilocus dataset that violate 
the four-gamete rule for recombination (Hudson and Kaplan 1985).  Several independent chains 
were run for 5-10 million generations, with sampling every 100-140 steps, using default priors, 
and convergence was assessed using Tracer v1.4 (Drummond and Rambaut 2007).  To convert 
scaled parameter estimates to demographic estimates, we assumed a generation time of 1.7 years 
estimated from S. lateralis population age structure and survivorship data using the equation G = 
α + [s/(1-s)] (Sæther et al. 2005), where α = the mean first year breeding age (1) and s = the adult 
survivor rate (0.41; Brooks 1967).  We also assumed a mean nuclear clock calibrated to both 1% 
and 2% cytb rates by using divergence from the outgroup S. gemmingeri as a calibration point. 
Association of Diversity with Riverine Barriers 
Analysis of molecular variance (AMOVA; Excoffier et al. 1992) was used to compare ncDNA 
population structure with mtDNA phylogeny as well as assess the association of multilocus 
diversity with major rivers.  To do this, we partitioned the concatenated ncDNA dataset in three 
different ways.  (1) We first assessed the hierarchical allocation of genetic variation for “minor” 
Structure-inferred populations nested within “major” Structure-inferred populations.  (2) We 
compared these results with those from a ncDNA dataset similarly partitioned hierarchically into 
“minor” mtDNA clades (A-N) within “major” mtDNA clades ([A-D], [E-F], [G-H], [J-K], [N]).  
(3) Lastly, to test population structure based on a model of divergence due to major rivers, we 
partitioned ncDNA into seven hypothesized populations isolated by six major rivers (Colorado, 
Red, Mississippi, Tombigbee, Choctawhatchee, and Apalachicola).  We then grouped these 
populations in all possible ways, performing hierarchical AMOVAs on each partition scheme to 
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determine which river(s) explain(s) the most variation.  All AMOVA’s were performed using 
Arlequin v3.1.1 where significance of FST analogues was tested against 10,000 non-parametric 
permutations.   
Partial Mantel tests were carried out using the ncDNA dataset for these same six rivers in 
order to test whether genetic distance is greater between samples on opposite sides of rivers than 
between equidistant samples from the same side (Smouse et al. 1986), a pattern expected if rivers 
restrict gene flow.  For each river, great circle geographic distances and pairwise patristic genetic 
distances were calculated between genotypes originating from either side of the river.  The 
partial correlation between genetic distance and a binary matrix (describing whether or not any 
two samples are separated by the river) was determined once autocorrelation due to geographic 
distance was accounted for.  Tests were performed using the vegan package in R (Oksanen et al. 
2009; R Development Core Team 2010) where significance was assessed using 1000 
randomizations.  We also performed Fisher’s exact tests for mtDNA clade pairs putatively 
delineated by 10 major rivers (Colorado, Red, Atchafalaya, Mississippi, Amite, Pascagoula, 
Tombigbee, Choctawhatchee, Chipola, and Apalachicola/Chattahoochee) to test the significance 
of the association between rivers and clade membership.    
Demographic Expansion from Refugia 
The presence of a signature of recent demographic expansion within the dataset was tested using 
a variety of methods.  First, values of Tajima’s D (TD; Tajima 1989), Fu’s FS (Fu 1997), and 
Ramos-Onsins & Roza’s R2 (Ramos-Onsins and Rozas 2002) were calculated in Arlequin v3.1.1 
and DnaSP v4.5 (Rozas et al. 2003) for all lineages and loci since significantly negative values 
can indicate recent growth.  Statistical significance of these values was assessed with 10,000 
coalescent simulations, where the estimated recombination rate (calculated in DnaSP) was 
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assumed for diploid loci.  The frequency distribution of pairwise genetic differences (or 
mismatches) within mtDNA clades was investigated using Arlequin v3.1.1.  We compared 
observed mismatch distributions against simulated distributions which are expected to be 
unimodal under a model of sudden population growth (Rogers and Harpending 1992).  Fit of the 
data to each model and confidence intervals around parameters were determined using the sum 
of squares deviations (SSD) between the observed and expected mismatch distributions as well 
as the raggedness index (Harpending 1994) calculated from 2,000 bootstrap replicates. 
 We also reconstructed demographic histories for most mtDNA clades using the Bayesian 
skyline plot (BSP) as implemented in BEAST v1.4.8 (Drummond and Rambaut 2007).  The 
MCMC was run at least three times for at least 20 million generations (taking 10,000 samples 
per analysis) for each clade under a GTR + Γ + I model of evolution assuming a relaxed 
uncorrelated lognormal molecular clock (Drummond et al. 2006).  Effective sample size of 
parameters was assessed and plots were visualized using Tracer v1.4. 
 We used LAMARC v2.1.3 to produce posterior probability distributions of parameters 
within the exponential growth model θt = θ0e-gtμ to assess population growth rate using the 
ncDNA dataset.  Searches were run for each of the three major populations estimated by the 
program Structure.  Several independent chains were run for 5-10 million generations, sampling 
every 100-140 steps, and convergence was assessed using Tracer v1.4.  Several initial runs were 
carried out to explore the parameter space, with final runs implementing a flat growth rate prior 
(linearly scaled) of g = 1000-5000 for population I and g = 0-4000 for populations II-III. 
 Lastly, recent growth out of putative southern refugia would predict that southern 
populations exhibit higher levels of diversity than northern populations.  In order to compare 
levels of diversity in these two regions while accounting for bias in sampling effort, we re-
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sampled 100 individuals (without replacement) from samples collected in the north and south 
(with 31 ̊ north latitude used as an arbitrary cut-off) separately for 500 iterations using R.  We 
calculated mtDNA diversity indexes from each bootstrap using Arlequin v3.1.1 and constructed 
distributions of values from which we obtained point estimates and 95% confidence intervals.  
We repeated this procedure for the eight nuclear loci (resampling from the reduced ncDNA 
dataset) and for individual mtDNA lineages (for which we had ≥ 15 samples north or south of 
31̊), except re-sampling only 20 and 12 individuals per iteration, respectively.    
RESULTS 
Description of Genetic Data 
Excluding the outgroup, nuclear datasets contained between 20 and 70 variable sites of which 11 
to 68 were parsimony-informative (Table 3.2).  All six anonymous loci are assumed to be non-
coding since they do not appear translatable into proteins or match any annotated gene regions in 
GenBank.  Most haplotypes were reconstructed with 100% posterior probability, and no effect 
on results was observed when analyses were performed either including or excluding loci phased 
with <95% probability.  GenBank accession numbers for sequences are provided in Appendix A.   
Phylogenetic and Network Analysis 
For the cytb dataset, 314 unique haplotypes were recovered from 366 S. lateralis samples plus 
two outgroups.  An absence of indels, nucleotide ambiguities, and stop codons indicates a 
mitochondrial origin for these sequences (Zhang and Hewitt 1996).  Excluding outgroups, 389 
sites are variable, of which 286 are parsimony-informative and likelihood ratio tests determined 
that GTR + Γ + I is the most likely model of evolution for the overall dataset.  After burn-in trees 
were removed, codon-partitioned BI analysis produced a 50% consensus genealogy with a mean 
ln-likelihood of -10035.4 (standard deviation = 22.81).  The ML phylogeny had a ln-likelihood 
of -9775.5 and a topology nearly identical to that recovered in the BI analysis.  Only the BI tree 
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Table 3.2. Diversity indices across loci used in this study calculated from 367 (cytb) and 62 (nuclear loci) individuals (outgroups were 
excluded) using Arlequin and DnaSP.  Bp = # of aligned basepairs, VS = # of polymorphic sites, PSI = # of parsimony-informative 
sites, Hd = haplotype diversity, π = nucleotide diversity, and k = mean # of pairwise differences.  Significant values for Fu’s FS (p-
















Gene bp VS PIS Hd π k FS TD R2 
cyt b 1177 389 286 0.999 ±0.0004 0.05080 ±0.00071 57.81450 -23.75219* -0.01867 0.07573 
P1-18 493 20 14 0.679 ±0.0460 0.00449 ±0.00047 1.09612 -19.01760* -1.98705* 0.09249*
P1-23 551 24 13 0.801 ±0.0320 0.00324 ±0.00026 1.46564 -21.64550* -1.93985* 0.09264*
P1-58 442 31 11 0.715 ±0.0420 0.00319 ±0.00040 1.24351 -20.76450* -2.33566* 0.09418*
P2-03 534 25 17 0.849 ±0.0270 0.00364 ±0.00028 1.85327 -19.19510* -1.79840* 0.09202*
P2-07 601 34 17 0.855 ±0.0190 0.00793 ±0.00023 4.18934 -8.12925 -1.03315 0.09127 
P2-42 641 35 12 0.818 ±0.0250 0.00614 ±0.00031 2.52469 -25.00440* -1.84348* 0.09201*
PRLR 558 31 15 0.865 ±0.0240 0.00494 ±0.00026 2.75439 -18.25150* -1.55219* 0.09319*
SELT 852 70 68 0.577 ±0.0550 0.01042 ±0.00426 3.31289 -6.19531* -2.45092* 0.09086*
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is shown (Figure 3.2), with BI posterior probabilities and ML bootstrap values indicated at the 
nodes.  Phylogenetic analysis recovered 14 major monophyletic lineages that are largely 
concordant with geography (A-N; Figures 3.1 and 3.3), with some additional phylogeographic 
sub-structuring evident (e.g., within A, G, J, and K). 
 The distribution of mtDNA lineages are shown in Figure 3.1, where the vast majority of 
diversity is observed along the Gulf Coast.  The geographic extent of most clades is limited east-
west, and clade boundaries often align with major rivers (Figure 3.3). The six clades that extend 
north are longitudinally distributed such that panmixia is apparent for populations running north-
south.  There are 21 observed instances where two or more lineages geographically overlap, and 
these are nearly always located near major rivers that otherwise delineate clade boundaries 
(Figures 3.1 and 3.1).  The most basal lineages are found in the southeastern portion of the range, 
with clades J-N all represented in the Florida panhandle, and with no members of these clades 
extending west of the Tombigbee River in western Alabama.  
 In contrast to mtDNA patterns, phylogeographic reconstruction for eight nuclear loci 
yields gene trees with few well-supported clades for most loci, significant discordance among 
trees (partition homogeneity test p-value = 0.01), and significant discordance with geography and 
cytb lineages (data not shown).  Haplotype networks for eight nuclear loci also reveal a large 
degree of haplotype sharing between geographically-distant samples and genetically-distant 
mtDNA clades, though some concordance with both is apparent (Figure 3.4).  Networks 
generally exhibit one or two dominant ancestral haplotypes, often represented throughout a 
majority of the geographical range, from which tip (and more geographically-concordant) 




Figure 3.2. A 50% majority-rule consensus Bayesian phylogeny for 314 cytochrome b 
haplotypes plus two outgroups. Posterior probabilities ≥ 0.95 are indicated above and ≥50 ML 
bootstrap values are indicated below select nodes.  An outline phylogeny is included for 
reference and 14 clades are labeled A-N.  Terminal haplotypes are labeled first with a haplotype 
number (correlating to numbering in Appendix A) followed by a locality descriptor.  Localities 
from which haplotypes were sampled follow parenthetically (correlating with locality numbers in 
Appendix B).  Double hatch marks indicate shortened branch lengths and nodes labeled with an 
asterisk indicate clades including haplotypes sampled above ~31° north latitude.  Branch lengths 

















































Figure 3.3. Geographical distribution of mtDNA clades in relation to major Gulf Coast rivers 
throughout (a) the Mississippi River Delta, (b) the Florida panhandle, and (c) west-central Texas.  
Numbers correspond to locality numbers in Appendix B and circle colors correspond to mtDNA 
clades, where localities harboring multiple clades are indicated by circles with mixed colors 






































Figure 3.4. Gene histories for eight nuclear loci compared to the mtDNA phylogenetic pattern.  
(a) A minimum spanning tree generated in Arlequin showing the fourteen mtDNA clades 
discussed in the paper.  (b-i) Haplotype networks for eight nuclear loci (P1-18, P1-23, P1-58, P2-
03, P2-07, P2-42, PRLR, and SELT, respectively; see Table 3.1) generated using the program 
TCS.  Colored circles correspond to haplotypes where circle size is proportional to the number of 
samples per haplotype.  Circle colors correspond to mtDNA clade colors as depicted in (a) (and 
in Figures 3.1-3.3).  Line segments between circles represent one mutational step and small black 
circles are inferred haplotypes not sampled.  Numbers correspond to haplotype numbers given in 
Appendix C.  Network ambiguities (loops) were solved and eliminated in some instances either 
by inspection of haplotype networks generated using recombination-free blocks of data (see text) 
or by considering empirically-validated predictions of coalescent theory (Crandall and 
Templeton 1993; Pfenninger and Posada 2002) 
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does exist among loci for particular relationships concordant with geographical regions (e.g., the 
Atlantic Coast or central Texas) or mtDNA clades (e.g., A, C, E, and F). 
Population Diversity and Structure 
For cytb, the mean within-population K2P divergence is 0.59% whereas mean between-
population divergence is 6.8%, indicative of strong historical population fragmentation (Table 
3.3).  Assuming a 1% rate of evolution, mtDNA lineages diverged between 1.7 and 9.7 (1.6-8.0 
uncorrected) mya or between 0.85 and 4.9 (0.8-4.0 uncorrected) mya, assuming a 2% rate.  A 
relative rates test suggests rate homogeneity across all lineages except clade I, which exhibited a 
significantly reduced rate (p < 0.05) relative to six other clades.  Diversity indices for all loci are 
reported in Table 3.2.   
 For an initial set of Structure runs including the entire ncDNA dataset, a model assuming 
K=3 populations best fits the data.  Iteratively running Structure with incrementally-increased 
values of K results in a peak in mean ln Pr(X|K) score at K=3 (Pr [K=3] = 1), after which scores 
plateau at larger values of K.  Individuals were assigned, generally with high probability (>0.9), 
to one of three geographically-distinct populations (I-III; Figure 3.5a), though a longitudinally 
distributed zone of admixture is apparent between two of the populations in eastern 
Mississippi/western Alabama.  For additional analyses of datasets partitioned according to their 
initial cluster assignment, populations II and III were best sub-divided into K=2 and K=3 
clusters, respectively, given peaks in ln probability scores at these values (posterior probability 
for both values = 1 when a uniform prior on K is used).  Though yielding a low posterior 
probability relative to higher values of K, K=2 populations was determined to best fit the data for 
population I because 1) larger values of K resulted only in the addition of purely admixed or 
empty clusters and 2) K=2 is the modal value of ∆K, a statistic based on the rate of change in ln  
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Table 3.3. Average pairwise distances within and among 14 mtDNA lineages.  Uncorrected distances are above the diagonal, K2P + 
Gamma-corrected distances are below the diagonal, and within-clade average distances are along the diagonal. 
 
 
  A B C D E F G H I J K L M N 
A 0.007 0.016 0.021 0.038 0.052 0.053 0.057 0.053 0.053 0.063 0.069 0.073 0.077 0.058 
B 0.017 0.005 0.024 0.037 0.055 0.058 0.060 0.055 0.054 0.067 0.070 0.076 0.080 0.061 
C 0.022 0.025 0.004 0.039 0.056 0.058 0.057 0.054 0.053 0.067 0.070 0.073 0.077 0.063 
D 0.041 0.040 0.043 0.006 0.052 0.052 0.057 0.052 0.051 0.070 0.073 0.069 0.075 0.059 
E 0.058 0.062 0.063 0.058 0.004 0.028 0.048 0.042 0.045 0.067 0.069 0.061 0.068 0.054 
F 0.060 0.067 0.066 0.059 0.029 0.002 0.058 0.051 0.050 0.065 0.067 0.066 0.078 0.057 
G 0.065 0.070 0.065 0.065 0.053 0.067 0.007 0.025 0.045 0.070 0.073 0.072 0.078 0.060 
H 0.060 0.063 0.062 0.059 0.045 0.057 0.026 0.005 0.039 0.066 0.068 0.065 0.072 0.055 
I 0.059 0.061 0.060 0.057 0.050 0.056 0.050 0.043 0.003 0.064 0.061 0.068 0.075 0.051 
J 0.073 0.078 0.078 0.082 0.078 0.076 0.083 0.078 0.075 0.013 0.034 0.075 0.077 0.066 
K 0.080 0.082 0.082 0.087 0.080 0.078 0.087 0.080 0.070 0.037 0.010 0.076 0.075 0.066 
L 0.087 0.092 0.087 0.081 0.070 0.077 0.085 0.076 0.080 0.090 0.091 0.004 0.025 0.062 
M 0.092 0.097 0.092 0.090 0.080 0.094 0.095 0.085 0.090 0.092 0.090 0.027 -- 0.067 














Figure 3.5. Geographic distribution of population assignments inferred for eight nuclear loci 
using Bayesian clustering as implemented in the program Structure.  (a) Shows results from 
analysis of the entire dataset and (b) shows results from analysis of datasets partitioned in 
accordance with populations I-III depicted in (a).   Circles correspond to sampling localities, 
circle fill corresponds to sample assignment to one of three populations (I-III), and line design 
within circles corresponds to sample assignment to one of seven sub-populations (Ia-Ib, IIa-IIb, 
or IIIa-IIIc).  Hybrid samples (any sample assigned to two populations with ≥20% probability) in 
(a) are depicted with mixed fill roughly proportioned to the proportion of assignment 
probabilities.  Hybrid samples in (b) are depicted with combined population line designs.  
Asterisks indicate localities from which two or more individuals were sequenced that had the 
sample population assignment probability profile.  Small squared letters indicate localities from 
which two or more individuals were sequenced that had different assignment profiles, one 
assigned as indicated on the map (hybrids in all cases) and the others assigned as follows: A=Ia, 
B=IIb, C=IIa, IIb, IIb, IIb, D=IIb, and E=IIIc. 
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probability score between different K values that has been shown to strongly correlate with the 
true value of K (Evanno et al. 2005).  The geographical distribution of individual assignments to 
these seven resulting populations is displayed in Figure 3.5b. 
 After removal of recombining regions, 74.4% (between 50.8% and 100% for each locus) 
of the dataset was retained and between 91.9% and 98.4% (average 95.7%) of gene copies were 
retained for each locus.  Best estimates for θ and pairwise migration rates (estimated jointly) are 
given in Table 3.4.  Assuming cytb-calibrated mean nuclear mutation rates, Ne estimates are very 
large, ranging from 0.58 to 1.2 million, 3.8 to 7.6 million, and 2.7 to 5.3 million for populations 
I, II, and III, respectively.  While gene flow is apparent among all populations, the most 
migration occurs between populations II and III while population I is the most isolated.   
Association of Diversity with Riverine Barriers 
 An AMOVA performed for ncDNA data partitioned according to populations assigned 
by the program Structure split similar amounts of the variation among “major” (26.15%, 
P=0.036) and “minor” (23.24%, P≤0.001) population groupings.  For the analysis partitioned in 
accordance to mtDNA lineage membership, “major” mtDNA phylogenetic structure explained as 
much variation as the “major” structuring inferred from the ncDNA itself (26.40%, P≤0.001), 
though “minor” mtDNA phylogenetic structure explained a smaller, though significant, 
proportion of the variation (12.20%, P≤0.001).  The two river-based groupings that explained the 
most variation were groups made according to sample location relative to the Colorado and Red 
Rivers (among groups=30.58%, P=0.049 and among rivers=14.60%, P≤0.001) and to the 
Colorado, Red, and Choctawhatchee Rivers (among groups=33.88%, P=0.004 and among 
rivers=5.96%, P≤0.001).  Partial Mantel tests indicate enhanced divergence associated with all 
rivers tested except the Mississippi, which did show a significant effect once samples from a  
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Table 3.4.  Parameter estimates for three S. lateralis populations from LAMARC’s Metropolis-
MCMC searches applied to eight nuclear loci.  (a) Most probable estimates (with 95% 
confidence intervals) of pairwise migration rates in units of 4Nemμ.  (b) Most probable estimates 
(with 95% confidence intervals) of θ and growth rate g for the three populations.   
 
 
a     TO   




 Pop I * 0.6350 (0.005647-2.466) 0.002597 (0.0004315-0.8367) 
Pop II 0.5021 (0.0001059-1.988) * 1.461 (0.06898-4.075) 
Pop III 0.002159 (0.0009751-0.5773) 1.745 (0.07860-5.067) * 
 
b Pop I Pop II Pop III 
θ 0.008356 (0.005202-0.014867) 0.05451 (0.03845-0.07531) 0.03805 (0.02632-0.05512) 
g 2204.7 (1188.93-4405.50) 2127.1 (1562.74-2982.20) 2493.9 (1749.9-3592.4) 
 
 
contact zone in southeastern Louisiana were removed (Table 3.5).  Fisher’s exact tests reveal that 
mtDNA haploclade membership is better predicted by rivers than expected by chance (p-value ≤ 
0.001 for all tests). 
Population Expansion from Refugia 
Tajima’s D, Fu’s FS, and Ramos-Onsins & Roza’s R2 were significantly negative for most 
mtDNA clades (Table 3.6) and all but one (P2-07) nuclear locus (Table 3.2).  Mismatch 
distributions for all lineages were unimodal except for lineages A, G, and J.  Given two evident 
sub-clades within both lineages A and J (Figure 3.2), these were subdivided further into lineages 
A1, A2, and J1, J2 and reanalyzed, yielding unimodal distributions for all but clade J1.  With one 
marginal exception (clade A), a model of population growth could not be rejected for any lineage 
according to either sum of squares deviations or raggedness index tests (Table 3.6).  Dates for 
expansion ranged from 100,000 to 1 million years ago, averaging 320,000 years (1% rate) or 
ranged from 50,000 to 500,000 years ago, averaging 160,000 years (2% rate; Table 3.6). 
 Bayesian skyline plots indicate that most populations have been slowly growing over the 
recent past.  Lineages A, D, G, J, and K show surges in growth that began between 200-600 (1%  
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Table 3.5. Pearson’s correlation coefficients (r) and p-values for partial Mantel tests carried out 
for samples on the opposite sides of six rivers.  These tests estimate the correlation between 
genetic distance and river location, given the geographic distance between samples.  *A test 
repeated for the Mississippi River with samples in southeastern Louisiana removed. 
 
River r p-value 
Apalachicola 0.1546 0.012 
Choctawhatchee 0.4109 0.001 
Colorado 0.4109 0.001 
Mississippi -0.00877 0.584 
Mississippi* 0.8314 0.001 
Red 0.3366 0.011 




over time not always statistically distinguishable from a model of demographic stationarity 
(Figure 3.6).  Estimates of the growth parameter g also suggest a history of extensive population 
growth for the entire species, with all confidence intervals excluding zero (Table 3.4; Figure 3.7).  
Though this parameter has been shown to be biased upward, our inclusion of multiple loci for the 
search should help to allay that bias (Kuhner and Smith 2007).  
 For the re-sampling analysis, nucleotide diversity (π) and haplotype diversity (Hd; here 
the 95% confidence intervals barely overlap) were significantly higher for populations south of 
31̊ than populations north at cytb (Table 3.7).  Though confidence intervals overlap for most of 
the diversity estimates from other loci (Table 3.7) or individually-treated mtDNA lineages (Table 
3.8), point estimates and confidence intervals are almost always higher in southern over northern 
groups and estimates of τ (relative time since population growth) are also generally highest in 
southern populations in support of more recent growth in the north (Table 3.8). 
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Table 3.6. Diversity indices and mismatch analysis results carried out for mtDNA clades using Arlequin and DnaSP.  Hd = haplotype 
diversity, k = mean # of pairwise differences, π = nucleotide diversity.  Significant values for Fu’s FS (p-value ≤ 0.015), Tajima’s D 
(TD), Ramos-Onsins and Roza's R2, sum of squares deviations (SSD), and raggedness (p-value ≤0.05) tests are indicated with an 
asterisk.  Estimates for T (absolute time in years since expansion) were calculated using T=τ/2μ, where τ is relative time in generations 















Clade Hd k π TD FS R2 SSD r τ T (1%) T (2%) 
A 0.9987 8.4436 0.0073 -1.914* -24.84* 0.1104* 0.0460* 0.0085 5.36          
(3.41-6.88) 
267,879       
(170K-344K) 
133,940       
(85K-172K) 
A1 1.0000 5.3636 0.0046 -1.890* -7.799* 0.1575* 0.0050 0.0248 5.49          
(3.08-7.55) 
274,377      
(154K-377K) 
137,188       
(77K-189K) 
A2 0.9947 6.0556 0.0051 -2.196* -24.90* 0.1212* 0.0157 0.0269 6.25          
(4.65-7.73) 
312,359      
(232K-386K) 
156,180     
(116K-193K) 
B 0.9825 5.2676 0.0046 -2.473* -25.47* 0.1035* 0.0003 0.0120 5.45          
(3.09-6.82) 
272,377      
(154K-341K) 
136,189       
(77K-170K) 
C 0.9394 4.2727 0.0037 -0.836 -2.721 0.1607* 0.0404 0.0905 4.94          
(2.54-6.85) 
246,889      
(127K-342K) 
123,444        
(63K-171K) 
D 0.9862 6.469 0.0056 -1.894* -21.43* 0.1174* 0.0133 0.0426 4.24          
(1.81-10.8) 
211,905         
(90K-537K) 
105,952       
(45K-269K) 
E 0.9848 4.9242 0.0043 -1.691* -8.265* 0.1563* 0.0649 0.1049 2.55          
(1.05-4.16) 
127,443         
(52K-208K) 
63,721         
(26K-104K) 
G 0.9937 8.2117 0.0070 -2.163* -24.77* 0.1108* 0.0067 0.0049 10.6          
(5.27-14.7) 
527,263      
(263K-735K) 
263,631      
(132K-367K) 
H 0.9762 5.7238 0.0049 -1.611* -10.49* 0.1312* 0.0059 0.0209 4.01          
(1.61-10.7) 
200,410         
(80K-533K) 
100,205       
(40K-266K) 
J 0.9958 15.753 0.0134 -1.308 -24.24* 0.1022 0.0080 0.0041 21.5          
(10.6-28.8) 
1,074,516    
(528K-1,437K) 
537,258    
(264K-718K) 
J1 0.9908 16.009 0.0137 -0.633 -6.796* 0.1220 0.0032 0.0069 20.2          
(12.6-25.0) 
1,008,546   
(630K-1,249K) 
504,273     
(315K-624K) 
J2 0.9868 5.7513 0.0049 -2.276* -23.06* 0.1187* 0.0022 0.0117 5.72          
(3.00-7.41) 
285,871       
(150K-370K) 
142,936       
(75K-185K) 
K 1.0000 7.3524 0.0063 -1.579* -9.290* 0.1300* 0.0058 0.0125 8.60          
(2.57-13.9) 
429,807      
(128K-695K) 
214,903        
(64K-347K) 
L 0.9778 4.9778 0.0043 -1.213 -3.608* 0.1554 0.0558 0.1091 5.62          
(2.84-7.63) 
280,874      
(142K-381K) 
140,437        
(71K-191K) 
N 1.0000 6.5882 0.0057 -2.050* -12.44* 0.1385* 0.0093 0.0435 6.73          
(4.50-8.58) 
336,349      
(225K-429K) 





Figure 3.6. Bayesian skyline plots constructed in the program BEAST depicting recent 
demography reconstructed against time for some mtDNA lineages. Dark lines represent the 
median value of Neμ and gray regions represent the 95% higher posterior density.  Time is 













Figure 3.7. A plot of population growth over time constructed for three populations using 
growth rate estimates (g) obtained from LAMARC’s Bayesian search algorithm applied to data 
from eight nuclear loci. Population growth curves are plotted as solid (pop I), dotted (pop II), and 
dashed (pop III) lines assuming a mean nuclear clock calibrated to 1% (black) and 2% (gray) 
cytb rates. To visualize exponential growth curves through time, we plotted Net=|ln(t)| / μg 
(Wares and Cunningham 2001) against time, where Net = ancestral Ne relative to the current Ne 
(a proportion that ranges from 0 to 1), μ = mutation rate in substitutions/site/ generation, and g = 
the growth rate. A mutation rate for the concatenated nuclear dataset was obtained by calibration 
with the assumed 1-2% cytb evolution rate in the following way: for each nuclear locus and cytb, 
the mean K2P-corrected divergence was calculated between S. lateralis and the outgroup S. 
gemmingeri and nuclear mutation rate estimates were obtained from μ = D/2T, where D=the 
average genetic distance and T= time since divergence (mya) calculated assuming a 1% (0.005 
substitutions/site/my) and 2% (0.01 substitutions/site/year) rate of divergence for cytb. The two 
mean nuclear rates (0.00105 and 0.00210 substitutions/site/my) were then multiplied by 
generation time (1.7). 
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Table 3.7. Point estimates and 95% confidence intervals (CI) from distributions of diversity indices calculated across nine loci for 500 
iterations of haplotype re-samplings taken separately from north and south of 31̊ north latitude. Hd = haplotype diversity, k = mean # 
of pairwise differences, and π = nucleotide diversity. 
 
 
Region Locus Hd Hd CI k k CI π π CI 
North Cytb 0.9961 0.9941-0.9977 50.8481 49.0374-52.2826 0.0445 0.04290-0.04574 
South Cytb 0.9987 0.9976-0.9996 60.2910 57.8699-62.3097 0.0526 0.05045-0.05432 
North P1-18 0.9057 0.8263-0.9578 2.1384 1.3315-2.9210 0.0046 0.00285-0.00621 
South P1-18 0.9189 0.8315-0.9736 2.7168 2.1368-3.2736 0.0058 0.00454-0.00698 
North P1-23 0.9086 0.8368-0.9578 2.1931 0.8684-3.1000 0.0042 0.00165-0.00593 
South P1-23 0.9627 0.9157-0.9894 3.7049 2.9263-4.4368 0.0070 0.00550-0.00861 
North P1-58 0.8614 0.7526-0.9421 1.0053 0.4000-1.4368 0.0023 0.00091-0.00330 
South P1-58 0.9155 0.8315-0.9736 1.6706 0.8315-2.9894 0.0038 0.00193-0.00681 
North P2-03 0.9241 0.8789-0.9578 2.3306 1.5210-3.1210 0.0045 0.00293-0.00588 
 South P2-03 0.9335 0.8684-0.9736 2.4083 1.5684-3.2526 0.0046 0.00302-0.00612 
North P2-07 0.9646 0.9368-0.9842 3.1543 2.1842-3.9105 0.0055 0.00380-0.00680 
South P2-07 0.9726 0.9263-0.9947 4.2589 3.2526-5.0421 0.0075 0.00566-0.00884 
North P2-42 0.8872 0.8157-0.9368 6.4778 5.2000-7.4368 0.0105 0.00840-0.01201 
South P2-42 0.9357 0.8473-0.9947 7.1325 3.7789-8.7526 0.0122 0.00638-0.01553 
North PRLR 0.9360 0.8947-0.9631 2.8965 2.4789-3.3105 0.0052 0.00445-0.00594 
South PRLR 0.8215 0.6473-0.9263 2.0965 1.4894-2.6052 0.0038 0.00267-0.00466 
North SELT 0.8263 0.7000-0.9263 4.1283 2.8473-5.2578 0.0049 0.00340-0.00628 








Table 3.8. Point estimates and 95% confidence intervals (CI) from distributions of diversity and demographic indices calculated from 
500 iterations of re-sampling across 10 lineages located either north or south of 31̊ north latitude. Hd = haplotype diversity, k = mean # 
of pairwise differences, π = nucleotide diversity, and τ = relative time in generations since population growth. 
 
 




 B 0.9812 0.9394-1 5.6869 3.7727-8.1212 0.00496 0.00331-0.00709 5.0615 3.3848-6.7031 
G 1 NA 5.5140 4.37879-6.5152 0.00481 0.00382-0.00569 5.2446 3.8594-6.4609 
H 0.9763 0.9394-1 5.7306 4.4849-6.8939 0.00500 0.00391-0.00602 4.8649 2.5527-7.9453 




A 1 NA 8.6584 7.40909-9.7272 0.00755 0.00646-0.00848 7.0171 4.6699-10.3145 
D 0.9866 0.9697-1 6.4643 5.0909-7.5455 0.00564 0.00444-0.00658 5.0616 2.6582-8.0234 
G 0.9903 0.9545-1 8.0166 6.4091-9.6212 0.00699 0.00559-0.00839 9.8068 3.3242-12.5039 
J 0.9910 0.9697-1 15.9885 13.9091-17.8636 0.01399 0.01217-0.01563 20.0482 17.8555-22.2891 
K 1 NA 7.3347 6.1818-8.2273 0.00640 0.00539-0.00718 7.9327 3.2070-9.6758 





The importance of Pleistocene climate change on diversification of the biota inhabiting 
unglaciated eastern North America is well documented (Auffenberg and Milstead 1965; Hewitt 
2000; Soltis et al. 2006).  The power of major rivers in the region beyond the very largest (e.g., 
Mississippi, Apalachicola, and Tombigbee Rivers) to shape the evolution of these same taxa is 
less well-established, possibly in part due to the confounding effects of climate change.  By 
driving range shifts and population extinction, periodical climatic fluctuations can reduce and 
eliminate genetic diversity that has (or would have) developed due to large rivers encountered 
under more stable conditions, causing us to underestimate the isolating force of rivers.  On the 
other hand, this same climate change may be integral to the barrier effect of rivers, and many 
rivers may lose their ability to isolate populations once species are released from Pleistocene 
refugia trapping them near the coast where rivers are most impenetrable.  The ultimate effect of 
the Pleistocene on a particular taxon is thus dependent on a variety of interacting ecological, 
genetic, or geographical factors.   
Here we report a case of iterative population fragmentation for a scincid lizard that is best 
explained by a combination of Plio-Pleistocene refugia and riverine barriers.  An east-west string 
of 14 monophyletic mtDNA lineages has been recovered along the Gulf Coast, largely 
concordant with major rivers, that have all apparently survived the Pleistocene glaciation cycles, 
indicating a more continuous supply of refugia along the Gulf Coast than has been previously 
appreciated (Jackson et al. 2000; Loehle 2007; Gonzales et al. 2008).   The observed 
phylogeographic pattern placing nearly all genetic diversity observable today along a narrow 
strip near the gulf suggests that much of the species diversity originated from diversification 
along the southern coast and that northern populations result from either recent or recurrent 
expansion from this southern strip of diversity.  Diversity of the species appears to have 
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originated in the Florida panhandle where three of the most basal clades reside, and later 
expanded west through the Mississippi River Valley and into Texas perhaps at a time when 
warmer, moister conditions allowed circum-navigation of major rivers.   
 The multilocus ncDNA pattern is broadly concordant with the mtDNA pattern suggesting 
that allele-sharing exhibited among ncDNA populations is primarily due to a difference in 
evolutionary tempo (slower sorting) rather than trajectory (differential gene flow) between the 
two genomes.  The geographical boundaries of ncDNA populations IIa, IIIa, IIIb, and IIIc 
inferred by cluster analysis are broadly concordant with those of mtDNA clades B, J-K, H, and 
N, respectively.  Also, structuring multilocus variation using AMOVA in accordance with 
Structure clusters or deeper-level mtDNA lineages explains similar proportions of ncDNA 
variation, whereas structuring ncDNA variation according to more shallow mtDNA divergences 
explains much less of the variation, a pattern expected if incomplete sorting causes discordance 
since deeper divergences should be more complete than more recent divergences.  Assessment of 
ncDNA-mtDNA concordance for geographically-restricted mtDNA lineages (e.g., D, F, I, K, L, 
and M) awaits additional multilocus sampling beyond the 0 to 3 for each lineage used here. 
Evidence for Riverine Barriers 
The riverine barrier hypothesis predicts that boundaries of diversity will correlate with the 
location of major rivers (Sick 1967).  For mtDNA, this appears to be the case, where Fisher’s 
exact tests indicate that S. lateralis clades are significantly concordant with 10 major rivers along 
the Gulf Coast (see Figure 3.3).  Of the major rivers flowing into the Gulf of Mexico within the 
range of S. lateralis, the five largest (as measured by mean discharge; Benke and Cushing 2005) 
harbor divergent clades on opposite sides (Mississippi, Atchafalaya, Tombigbee, Apalachicola, 
and Pascagoula).  Other rivers that appear to delineate lineages are also among the major rivers 
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near the coast (Choctawhatchee, Red, and Colorado) or are tributaries to major rivers that may 
have carried a much larger portion of drainage flow in the past (Amite and Chipola).  AMOVA 
and partial Mantel tests show that multilocus diversity is also significantly associated with major 
rivers (Table 3.5).  Defining population structure by sample location in relation to the Colorado, 
Red, and Choctawhatchee Rivers explains an amount of the variation (33.9%), comparable to the 
degree of genetic variation explained by the three major Structure-inferred populations (26.2%) 
or by five major mtDNA clades (23.2%).  Finally, the geographic distribution of lineage overlap 
observed is also suggestive of a role for riverine barriers, with zones of contact almost always 
occurring along rivers.  Where we sampled close to rivers, some populations near the Guadalupe, 
Colorado, Red, Atchafalaya, Mississippi, and Amite Rivers were found to consist of mixed 
ancestry indicating some degree of permeability to dispersers (Figures 3.1 and 3.3). 
A riverine-basis for divergence also predicts that larger, longer rivers will delineate 
populations further from the mouth than smaller, shorter rivers (Ayres and Clutton-Brock 1992).  
Of the 10 rivers that correspond with mtDNA lineage boundaries near the coast, the four rivers 
that continue to delineate clade boundaries in the north (above ~31° north latitude; Red, 
Mississippi, Tombigbee, and Apalachicola/Chattahoochee Rivers) are within the top five largest 
of these (as measured by mean discharge; Benke and Cushing 2005).  However, contrary to 
expectations of the riverine barrier hypothesis, relatively smaller rivers such as the Colorado and 
Red Rivers explain more multilocus structure than the Mississippi and Apalachicola Rivers 
(Table 3.5).  One reason for this is likely the periodic channel-switching of the lower Mississippi 
River since the Pleistocene (Fisk 1944; Kolb and Van Lopik 1966) leading to geographic overlap 
of two major mtDNA clades (A-B and G between the Mississippi and Atchafalaya Rivers) and 
two ncDNA populations (IIa and IIb spanning the Gulf Coast from eastern Louisiana to east 
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Texas) otherwise separated by the Mississippi River Valley (Figure 3.3 and 3.5b).  Repeating a 
partial Mantel test with southern Louisiana samples removed produces a correlation coefficient 
at least twice that of any other river (Table 3.5).  A past channel-switching event of the 
Apalachicola River (Donoghue 1989) may likewise have left mtDNA clade K separated from its 
sister clade (J) west of the river (where populations could have survived cyclical flooding in the 
Grand Ridge uplands; Figure 3.3), thus resulting in the lower observed multilocus divergence 
directly east and west of that river.  Also, given that lineage sorting is expected to progress most 
quickly in peripheral populations (Gavrilets et al. 2000), the enhanced divergence for the 
Colorado and Red Rivers (which delineate peripheral, lower density, populations) may result 
more from this “periphery effect” than from reduced migration across these rivers.   
 A potential exception to the riverine basis of vicariance is in Texas, where rivers are 
narrower and the river-lineage correlation is more dubious, especially in regards to the origin of 
clades E and F (Figure 3.3c).  In this case, given S. lateralis’s patchier distribution in central 
Texas due to a heightened reliance on riverine environments, expanses of dry habitat may 
impose a greater isolating force than rivers in this region.  Also, without additional sampling, a 
role of local adaptation (to the relatively dryer climates of central Texas) in contributing to 
divergence from eastern populations cannot be ruled out (Endler 1982). 
Evidence for Refugia 
The refugia hypothesis predicts both the highest genetic diversity within and a signature of recent 
growth out of populations residing in putative refugia (Capparella 1991; Starkey et al. 2003; 
Fuerst and Austin 2004).  In support of this, nearly all genetic diversity is found near the Gulf 
Coast, with every major lineage but one being represented south of ~31° north latitude (and 
given further sampling, the remaining lineage, H, may also conform to this pattern), and only six 
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being observed north of 31° (Figure 3.1).  Of the six clades that extend north, usually only a 
subset of the diversity of these lineages is observed north of 31° (Figure 3.2) and no substantial 
phylogenetic structure exists north of 31° north latitude that is not represented south of that mark 
(excepting the aforementioned clade H).  Given uneven sampling within lineages and regions as 
well as some lineages that span north and south, it is difficult to compare diversity and 
demographic indexes between different latitudes (Table 3.6).   However, iterative re-sampling 
from these two regions also supports the idea that genetic diversity is highest near the coast and 
that recent demographic growth commenced most recently in the north, expected if growth 
progressed from lower to higher latitudes (Table 3.7-3.8). 
Multiple methods and gene regions support the hypothesis of recent growth for most S. 
lateralis populations (Table 3.4 and 3.6; Figures 3.6 and 3.7).  A 1-2% evolutionary rate places 
the genesis of these expansions within the Pleistocene (anywhere from ~50,000 to 1 mya).  
Though these dates are derived from the problematic assumption of a molecular clock, these 
combined dates do reject the simple scenario positing genetic bottlenecks in southern refugia 
during the last glacial cycle followed by multiple northward range expansions after the last 
glacial maximum (LGM) ~12,000 ybp.  Such a scenario would require evolution rates more than 
an order of magnitude greater than has been reported for lizards in order to explain date estimates 
obtained from a variety of methods and loci.  This does not rule out a more coastal distribution 
for the species during glacial periods followed by a recent post-LGM expansion of some lineages 
further north.  Some anecdotal evidence suggests that S. lateralis populations may even now be 
expanding their ranges further northward (Moore 1896; Myers 1959).  However, this does 
suggest that expanding populations are sequestering genetic variation that has likely survived the 
most recent Wisconsin glacial cycle (~12-110 ka), and possibly even the Illinoian (~130-200 ka), 
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Kansan (~300-455 ka), and Nebraskan (~620-680 ka) cycles as well.  The species’ capacity for 
retaining high levels of variation in times of reduced range size is not necessarily surprising 
given very large estimates of effective population size (between ~0.5-7.5 million; Table 3.4). 
Riverine Barriers Strengthened by Refugia 
The phylogeographic pattern observed for S. lateralis is unusual and suggests that two different 
evolutionary histories have taken place in the northern and southern portions of the species 
range.  Near the coast, south of ~31° north latitude, rivers appear to have served as effective 
isolating barriers (and refugial boundaries) helping to generate a latitudinal strip of at least 13 
distinct mtDNA lineages.  In contrast, the phylogeographic pattern in the north is more similar to 
that seen in other co-distributed taxa (e.g., Soltis et al. 2006; Burbrink et al. 2008) with major 
genetic breaks at the Mississippi and Apalachicola/Chattahoochee Rivers, along with some sub-
structuring concordant with Tombigbee and Red Rivers.  The reduced structure in northern 
populations implies that many rivers that are isolating near the coast are circum-navigable further 
north, begging the question of how some rivers were able to adequately isolate populations such 
that long-term divergence was possible.  This pattern suggests a temporally two-tiered 
evolutionary history for the species, with initial population vicariance and divergence taking 
place when populations were geographically limited to the southern portions of their current 
range where rivers are widest and most impenetrable to migration, followed later by expansion 
of populations to the north where a few demographically-dominant mtDNA clades now remain.  
The apparent consistency in the latitudinal extent of all lineages endemic to the coast (estimated 
around 31° north latitude) speaks to a single unifying cause that limited northward expansion 
beyond the coast equally for all lineages.   
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 The river-refugia hypothesis posits that rivers alone are insufficiently impermeable to 
migration to genetically divide populations and thus predicts that riverine-based divergence must 
have commenced once populations were forced into refugia.  Given the reliance of S. lateralis on 
warm-temperate mesic habitats (Milstead 1960; Ashton and Ashton 1985) cooler, more arid 
climates in the Plio-Pleistocene are a likely mechanism by which populations may have been 
trapped into coastal refugia.  Assuming a cytb evolution rate of 2% places most lineage 
divergences in the mid- to late Pliocene, a time when North America was beginning to become 
generally cooler and more xeric (Hibbard 1960; Frakes 1979).  Invoking a slower evolutionary 
rate of 1% places most of these divergences in the late Miocene-early Pliocene, a period also 
thought to coincide with marked global cooling and reductions in sea level (Adams et al. 1977; 
Frakes 1979; Vail and Mitchum 1979).   
Though most southeastern rivers were probably less capable of initiating diversification 
of populations able to freely disperse far north of the coastal plain during warmer, humid 
periods, interglacial cycles likely also contributed to current patterns of fragmentation.  For 
instance, elevated riverine discharge, widened basins, and rising sea levels (leading to marine 
embayment of drainages and headwaters forced northward) during periods of deglaciation 
(Donoghue 1989; Dowsett and Cronin 1990) may have helped maintain riverine barrier effects in 
the face of simultaneous northward expansion of populations (Marroig and Cerqueira 1997; 
Pauly et al. 2007).  Isolated islands of upland habitat surrounded by lowland flooding during 
high sea stands may have also played a diversifying role for some lineages (Neill 1957; Nores 
1999; Means and Krysko 2001).  However, the continued isolation of these lineages during times 
of aridification would likely have been aided by climate-induced restriction of populations to 
regions south of riverine headwaters.      
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Many co-distributed species were likewise forced south due to past climate change 
(Auffenberg and Milstead 1965), yet these lineages lack the unique pattern of mtDNA 
diversification seen in S. lateralis (Soltis et al. 2006).  The exceptional fragmentation observed in 
this group along the Gulf Coast may have originated from either higher-than average 
diversification rates prior to (and continuing throughout) the Pleistocene or lower-than average 
extinction rates during the Pleistocene relative to co-distributed taxa.  Enhanced divergence due 
to rivers could be explained by a more limited ability of S. lateralis to cross large rivers or a 
greater historical sensitivity to temperate climates (leading to a more southern distribution in the 
past and thus stronger riverine barrier effect) than exhibited by other species.  Reduced 
extirpation of genetically distinct populations for S. lateralis would suggest that rivers were also 
important drivers of divergence in other taxa, but that only a limited number of refugia (such as 
the Mississippi River Valley, Peninsular Florida and Mexico; Blair 1958; Jackson et al. 2000) 
were able to sustain viable populations for most of them throughout the Pleistocene.  Thus the 
current lineage diversity for many species observed today would represent only a subset of the 
diversity in existence pre-Pleistocene.  Exceptionally large population sizes observed for S. 
lateralis, along with the species’ continuous, abundant distribution throughout the Gulf Coast 
(due to its high tolerance to a wide variety of mesic habitats) is consistent with an unusual 








CHAPTER 4: INFERRING HIERARCHICAL POPULATION GENETIC STRUCTURE 
WITHIN A LIZARD SPECIES COMPRISED OF CRYPTIC, INCOMPLETELY-
SORTED LINEAGES (GENUS SCINCELLA) 
 
Successful reconstruction of hierarchical population structure among recently divergent 
and morphologically cryptic groups is contingent upon circumvention of a series of 
complications (e.g., Leaché 2009; Ross et al. 2010; Weisrock et al. 2010).  The gradual and 
stochastic sorting of alleles can lead to non-monophyly of nascent lineages (Funk and Omland 
2003) and discordant histories among genes (Pamilo and Nei 1988; Maddison 1997; Maddison 
and Knowles 2006).  Although recent advances in phylogenetic approaches are able to account 
for the lineage sorting process (Ané et al. 2007; Knowles and Carstens 2007; Liu et al. 2008; 
Oliver 2008; Kubatko et al. 2009; Heled and Drummond 2010), ongoing gene flow among 
diverging lineages can be confounded with lineage sorting effects, thereby frustrating the ability 
to correctly infer underlying evolutionary history (Wakeley and Hey 1998; Nielsen and Wakeley 
2001).  Both a significant amount of within-individual variation (relative to the total variation 
present) and potentially high levels of intra-locus recombination which often characterize recent 
divergences can introduce additional problems when inferring population or lineage trees using 
existing approaches.   
These problems associated with estimating hierarchical relationships among lineages are 
particularly problematical when genetic divergence is not accompanied by phenotypic 
divergence or complete geographic isolation such that lineages are difficult to identify a priori.  
In such instances, aside from the problem of estimating a lineage tree, the number, boundaries, 
and composition of the lineages themselves can be in question. While some methods have been 
recently developed to explicitly estimate lineage boundaries from multilocus gene trees (Ané et 
al. 2007; Knowles and Carstens 2007; O'Meara 2010), these methods assume that these trees are 
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well-resolved and estimated without error (Edwards 2009; but see Yang and Rannala 2010), 
assumptions that are commonly unattainable for very recently diverged taxa.  Thus, integration 
of a variety of population genetic and phylogenetic methods is required to infer the genealogical 
and geographical structure of populations in very recent radiations.  In this study, we combine 
several recent analytic approaches with multilocus sequence data to investigate both the 
boundaries and hierarchical structure of distinct lineages within a cryptically diverse species of 
scincid lizard, the common ground skink.   
Scincella lateralis is endemic to the southeastern United States and is the lone temperate 
member of an otherwise tropical/sub-tropical distribution of New World lygosomine skinks 
(Honda et al. 2003).  The species is highly abundant and continuously distributed throughout the 
southeastern U.S., particularly along the Gulf and Atlantic coastal plains (Conant and Collins 
1998).  Although no morphological differentiation across populations has been demonstrated 
(Johnson 1953), the species harbors extensive cryptic genetic diversity and fragmentation across 
its range (Jackson and Austin 2010).  Mitochondrial DNA (mtDNA) sequences exhibit 
substantial phylogenetic divergence (up to 8%, uncorrected) among 14 lineages that are 
distributed parapatrically, although with some overlap near clade boundaries, from central Texas 
east to the Atlantic Coast (Figure 4.1).   Some of the geographically more widely spread mtDNA 
clades are also broadly supported by genetic clusters inferred from multilocus autosomal DNA, 
although here population boundaries are generally more nebulous (Jackson and Austin 2010).  
Additional sampling of nuclear loci is required to assess the representativeness of several of 
these mtDNA clades (most which are restricted to geographically small areas along the Gulf 
Coast) throughout the genome.  The inference of co-ancestry near population boundaries, 




Figure 4.1.  Approximate geographic distribution and relationships of 14 mtDNA clades based 
on cytochrome b haplotype data, reconstructed from Jackson and Austin (2010). 
 
 
among populations also encumbers the evaluation of lineage boundaries and the estimation of a 
robust population tree for this group.   
Herein, we use S. lateralis as a model system to determine how well current population 
genetic and phylogenetic methods can be adapted to infer the boundaries and hierarchical 
relationships of lineages that are cryptic, recently derived, and likely engaged in the exchange of 
migrants in regions of geographic overlap.  In doing so, we assess the sensitivity of these 
methods to some aspects of our empirical data (e.g., gene flow, geographic structure of 
migration, unsampled populations, sample size, and recombination) that violate assumptions of 
most phylogenetic and coalescent methods.  We aim to 1) determine the number and 
composition of lineages best supported by multilocus data, 2) infer a robust estimate of the 
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population tree, and 3) determine the role that historical and ongoing gene flow have played in 
the divergence of this group.    
MATERIALS AND METHODS 
Sampling 
We used 142 samples from 75 sites across the range of S. lateralis obtained from field work 
(N=128) and museum collections (N=14) (Appendix D; Figure 4.2).  Sampling was designed to 
both represent geographical range and adequately test divergence hypotheses based on 
previously-observed patterns of genetic variation in the group (Jackson and Austin 2010).  For 
this study, sequence data from eight nuclear loci (4673 total base pairs; Table 3.1) were collected 
from 80 of these samples and combined with data for the remaining 62 samples which had been 
sequenced at these same loci and used previously (Jackson and Austin 2010).  These loci include 
one intron: selenoprotein T (SELT; 852 bp); one protein-coding gene: the prolactin receptor 
(PRLR; 558 bp); and six noncoding genomic loci (ranging from 443 to 641 bp).  Scincella 
gemmingeri was included as an outgroup. 
Generation of Genetic Data 
Liver or tail tissue was sampled from each lizard and preserved in ≥95% ethanol and/or stored at 
−80◦C. Genomic DNA was extracted from liver tissue using salt-extraction (Fetzner 1999) and 
from tail tissue using a Qiagen DNeasy extraction kit (Qiagen, Valencia, CA).  Polymerase chain 
reaction (PCR) and amplicon purification were carried out in accordance with standard protocols 
(Austin et al. 2010) and double-stranded cycle-sequencing was carried out using a BigDye 
Terminator cycle-sequencing kit v3.1 (Applied Biosystems, Foster City, CA). After sequences 









Figure 4.2.  Geographic distribution of samples used for this study in accordance with three 
levels of hierarchical population structure as inferred using the program Structure.  Number of 
samples per site are indicated for each locality, with the number of hybrids (those assigned with 
>0.30 probability to both populations) following parenthetically.  Circle shading is proportional 
to the total probability of population assignment per site.  Population abbreviations are as 
follows: CTW=Central Texas West, CTE=Central Texas East, ME=Mississippi East, 
MW=Mississippi West, TE=Tombigbee East, FP=Florida Panhandle, and EC=East Coast.  The 
hierarchical structure of the seven populations depicted is as inferred at three hierarchical levels 









Sequences were edited and assembled into contigs using Sequencher v4.6 (GeneCodes, 
Ann Arbor, MI) and the PRLR dataset was translated into amino acids to check alignment. The 
alignment of noncoding regions was carried out using Clustal X v2.0 (Larkin et al. 2007) and 
results were adjusted as necessary by eye.  Haplotype phase was inferred computationally using 
PHASE v2.1 (Stephens et al. 2001; Stephens and Scheet 2005).  We tested for intra-locus 
recombination by scanning each alignment for violations of the four-gamete rule (Hudson and 
Kaplan 1985) using the program IMgc (Woerner et al. 2007).  This method is able to construct a 
recombination-free alignment that maximizes available data to be used in subsequent analyses.  
We also utilized the difference in sum-of-squares (DSS) method as implemented in Topali v2.5 
(Milne et al. 2009) to search each dataset for recombination break-points using a sliding window.  
The analysis was run for each locus using a 100 base pair window generated in 10 base pair 
increments and the statistical significance of DSS peaks (denoting break-points) was assessed 
using 500 parametric bootstrap replicates.  
Population Genetic Structure 
Hierarchical population structure was investigated first using a Bayesian clustering method 
implemented in Structure v2.2.3 (Pritchard et al. 2000).  This method estimates the most likely 
number of populations (K), as well as the most probable individual assignments to populations, 
given multilocus genotypic data.  Additionally, Evanno et al. (2005) showed using simulations 
that the modal value of ΔK (a statistic relating to the rate of change in the log likelihood of the 
data among a continuous series of K values) reliably corresponds to the highest level of 
population structure within a dataset and that additional sub-structure can be investigated by re-
analyzing partitioned subsets of the data.  Thus, applying the linkage model (Falush et al. 2003) 
to the raw phased sequence data (where linkage was allowed within, but not among loci), we ran 
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Structure for all values of K between K = 1 and K = 8 at least ten times each for 150,000 
generations (with an additional burn-in of 150,000).  Once the optimal K value was ascertained 
by calculating ΔK using the program Structure Harvester v0.56.4 (implemented at 
http://taylor0.biology.ucla.edu/struct_harvest/), we repeated Structure analysis for each inferred 
population separately.  This process was repeated until no additional structure was detectable.  
We investigated whether a relationship exists between genetic and geographic distance of 
samples within each inferred population to assess the possibility that detection of distinct clusters 
by Structure is an artifact of isolation by distance.   We first computed pairwise patristic 
distances among alleles for each locus and population.  From these, we calculated a single 
standardized multilocus pairwise distance matrix among individuals for each population using 
the program POFAD v1.03 (Joly and Bruneau 2006).  The statistical correlation between genetic 
distance matrices and pairwise great circle geographical distances was evaluated using Mantel 
tests (implemented with IBD v1.52 for 10,000 permutations; Bohonak 2002). 
Analyses of molecular variance (AMOVA; Excoffier et al. 1992) were utilized to assess 
degree of genetic fragmentation within several geographically-restricted mtDNA clades (Figure 
4.1) not supported by the Structure analysis.  To do this, we performed non-hierarchical 
AMOVAs between mtDNA clades that appear to be most closely aligned based on the Structure 
analysis.  In addition, observed levels of fragmentation were compared against results from 
AMOVAs carried out for select Structure-inferred population pairs.  All AMOVAs were 
implemented using Arlequin v3.1.1(Excoffier 2005) and significance was assessed using 10,000 
nonparametric permutations.  
We also estimated a multilocus distance-based network from a pairwise distance matrix 
of individuals which was converted from a pairwise distance matrix of gene copies using 
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POFAD v1.03 (Joly and Bruneau 2006).  This method allows for use of within-individual 
variation without violating assumptions of independent segregation of loci.  To satisfy the 
assumption of a single independent history per locus, recombining segments were removed for 
this analysis.  Samples with missing data were also excluded and the analysis was repeated using 
uncorrected patristic distances and distances corrected according to the most likely model of 
evolution ascertained from a log-likelihood ratio (LLR) test implemented in Topali v2.5 (Milne 
et al. 2009).  We repeated the analysis by, in turn, including and excluding mixed-ancestry 
samples (potential hybrids) as inferred from Structure.  All networks were constructed using the 
NeighborNet algorithm (Bryant and Moulton 2002) as implemented in SplitsTree v4.1 (Huson 
1998; Huson and Bryant 2006). 
Multilocus Species Coalescent 
To account for stochasticity in the lineage sorting process, we utilized a method implemented in 
the *BEAST module of BEAST v1.5.3 that can estimate the most likely population tree while 
modeling the random coalescent process that gave rise to it (Heled and Drummond 2010).  To do 
this, we performed several analyses, all incorporating populations inferred using Structure.  We 
first ran the program using 1) the eight nuclear loci alone and 2) the eight nuclear loci plus 
cytochrome b (cytb) data (available for all samples from a previous study; Jackson and Austin 
2010).  Next, to assess the effects of sampling near population borders (where recent 
introgression may be more prevalent) on species tree inference, we repeated the analysis using a 
dataset where only the 16-20 most geographically-interior gene copies were included (Figure 
4.3).   
To explore how intra-population sampling affects phylogeny estimation, we performed 





Figure 4.3.  Geographical distribution of samples included in the “reduced” datasets 
implemented in *BEAST and IMa2, wherein samples nearest parapatric boundaries were 
removed. 
 
sampling regime, we generated 100 datasets by randomly sampling from the original dataset 
without replacement and performed species tree analysis on each replicate.  We summarized the 
posterior distributions of species trees by randomly sampling 100 trees from the post-burn-in 
posterior distribution of trees for each replicate (resulting in 10,000 genealogies for each regime) 
and constructing 50% consensus trees from this sample.   
We examined the relative fit of three topologically-constrained phylogenetic models to 
the data relative to the topologically-unconstrained model using Bayes factors (Kass and Raftery 
1995; Nylander et al. 2004).  These constraints were based on alternative hypotheses supported 
by the Structure analysis: (CTW,CTE,(ME,MW,TE,FP,EC)); (CTW,CTE,ME,MW,(TE,FP,EC)) 
or by the mtDNA pattern: (CTW,CTE,(ME,TE),MW,FP,EC), but not by the species tree analysis 
(see Figure 4.2 for a geographical depiction and explanation of these populations).  Given large 
errors associated with estimating Bayes factors (Suchard et al. 2005; Roberts et al. 2009; Beerli 
and Palczewski 2010), we took a conservative approach to their calculation.  We performed 10 
independent *BEAST runs under each unconstrained and constrained model.  Then rather than 
comparing the harmonic mean of the marginal likelihood distributions resulting from the 
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competing hypotheses, we computed Bayes factors by comparing the lowest post-burn-in log 
likelihood resulting from all 10 unconstrained analyses with the highest post-burn-in log 
likelihood from the 10 constrained analyses.  A Bayes factor of 2log(BF10) > 10 was considered 
strong support for the optimal unconstrained tree (Kass and Raftery 1995). 
For all *BEAST analyses, potential hybrid individuals (as defined by samples assigned 
with >0.30 probability to two different populations in Structure) and recombining portions were 
excluded, a Yule process was assigned to the species tree prior, and substitution, clock, and tree 
models were unlinked among loci.  Best-fit substitution models were applied as inferred using 
Bayesian Information Criterion (BIC) implemented in Topali v2.5 (Milne et al. 2009).  To 
facilitate a rough calibration for divergence time estimation, we placed a mean rate prior 
distribution on one locus (SELT; 1.106 x 10-9 to 2.212 x 10-9 substitutions/site/year) based on a 
1-2% cytb rate commonly observed in small-bodied lizards (Austin 1995; Brown and Pestano 
1998; Gübitz et al. 2000; Malhotra and Thorpe 2000; Poulakakis et al. 2005) and calculated 
using divergence from S. gemmingeri as a calibration point.  We allowed all rates to vary 
according to an uncorrelated lognormal-distributed relaxed molecular clock.  All Markov chains 
were run for 100 million generations with parameter sampling commencing at generation 10 
million (to allow for burn-in) and occurring every 10,000 steps thereafter.  Adequate parameter 
convergence and chain mixing were assessed for each analysis by comparing estimates across 
multiple independent runs and evaluating ESS values of parameters using the program Tracer 
v1.5 (Drummond and Rambaut 2007).  Consensus trees were constructed from post-burn-in trees 
pooled from five independent runs. 
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Modeling Isolation-with-Divergence  
To investigate the role that gene flow has played in the divergence of lineages, we applied an 
Isolation-with-Migration (IM) coalescent model to our dataset as implemented in the program 
IMa2 (Hey 2010).  Because the number of lineages of interest is large relative to our available 
data (specifically, seven lower-hierarchy lineages within the three upper-hierarchy lineages 
inferred using Structure, as explained further in Results), we adhered to a strategy where we rely 
on a combination of two-population analyses for lineages at both hierarchical levels followed up 
with three-population analyses involving only the highest hierarchical level.  This allowed us to 
estimate migration and divergence parameters for all lineage combinations of interest while also 
assessing the potential bias our estimates may incur in pairwise analyses that involve missing or 
non-sister populations.   
Specifically, this strategy included three sets of analyses: 1) pairwise two-population 
analyses among seven lower-hierarchy lineages that either show evidence of a sister relationship 
(given the Structure analysis and/or mtDNA phylogeny) or are geographically adjacent (eight 
analyses total); 2) pairwise two-population analyses among three upper-hierarchy lineages in all 
combinations (three analyses total); and 3) a three-population analysis including all three upper-
hierarchy lineages.   
To investigate potential for heightened gene flow rates due to close proximity of samples 
to adjacent populations, we repeated all the above analyses except excluding samples collected 
from near population boundaries.  For the seven lower-hierarchy populations we used the same 
dataset similarly culled above for *BEAST and for the three upper-hierarchy populations, we 
removed all samples from the dataset that lie within a 200 km corridor buffer zone separating 
populations (Figure 4.3).  Rates estimated after removing samples more likely engaged in recent 
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gene exchange may better reflect long-term migration patterns integral to the divergence process 
(Carling et al. 2010).   
Given discordant population trees inferred using Structure versus *BEAST, we inquired 
how assumed phylogeny affects results and whether the IMa2 model could help resolve 
hierarchical structure assuming that divergence times and gene flow will be lowest between 
sister populations.  In addition to comparing these parameters among relevant lower-hierarchy 
pairwise analyses, we performed all upper-hierarchy analyses twice, assuming, in turn, the 
Structure hypothesis ([A,[B,C]], where A=CTW,CTE; B=ME,MW; C=TE,FP,EC) and *BEAST 
hypothesis ([A,B*,]C*], where A=CTW,CTE; B*=ME,MW,TE; C*=FP,EC), where population 
letters and abbreviations correspond to upper and lower-hierarchy populations, respectively.  We 
also performed two-population analyses between populations [ME,MW] and TE versus 
populations [FP,EC] and TE (proposed to be sister populations in the *BEAST and Structure 
analyses, respectively) in order to assess how migration and divergence parameters differ under 
the two hypotheses. 
All analyses were performed using datasets from which four-gamete rule violations were 
removed.  However, given that the removal of loci segments and individuals can alter allele 
frequency spectra, potentially biasing parameter estimates (Woerner et al. 2007), we repeated the 
analyses with recombining regions incorporated in order to assess the effect of their exclusion on 
parameters of interest.  Since the IM model assumes random sampling from within populations, 
we included no more than three individuals from a site (selected at random), although for 
analyses where sample size was limited, some excluded samples were randomly reincorporated.  
Additionally, to avoid the effects of current interbreeding on parameter estimates, Structure-
inferred co-ancestral individuals were excluded from all analyses.  
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For the three-population analyses, a prior phylogeny of (A(B,C)) or ((A,B),C) was 
assumed in turn, based on the Structure and *BEAST-inferred topologies, respectively.  Once 
optimal priors and heating schemes were devised upon initial exploration, at least 20 independent 
Markov chains and at least two independent runs (adjusting only the starting seed) were 
performed for each analysis.  At least 50,000 genealogies were saved per run after a sufficient 
burn-in period was implemented and all trend plots and posterior parameter densities were 
visually inspected and compared across runs to confirm adequate Markov chain Monte Carlo 
(MCMC) mixing and convergence. 
For conversion of divergence time estimates to a rough approximation in years, we 
assumed a generation time of 1.7 years (Jackson and Austin 2010) and a mean mutation rate of 
1.577 x 10-9 substitutions/site/year obtained by calibrating each locus to the mean 1.5% cytb rate, 
as described above (the mean per locus rate adjusted for generation time = 1.567 x 10-6 
substitutions/locus/year). 
To determine whether the IM model fits the data significantly better than a strict 
allopatric divergence model, for each analysis, we compared the fit of the data to two nested 
models (the full IM model versus a simpler isolation-only model where migration parameters are 
set to zero) using a LLR test implemented using the “L-mode” feature of IMa2.  Here, at least 
100,000 sampled trees pooled from independent MCMC runs were used to calculate LLR test 





Generation of Genetic Data 
Most haplotypes (96%) were reconstructed with 100% posterior probability.  A few samples (5 
for PRLR and 10 for SELT) were reconstructed with a posterior probability <0.60 and thus 
removed from further analysis (Harrigan et al. 2008).  Nine sequences were unreadable due to 
heterozygous indels and were also removed from the dataset.  Four loci (P1-18, P1-23, P2-42, 
and SELT) exhibited recombination peaks using the DSS method.  Violations of the four-gamete 
rule were detected to some extent in all loci.  The resulting filtered dataset retained an average of 
92% of haplotypes for each locus and only two loci, P2-03 and P2-42, were truncated (to 94% 
and 71% their original length, respectively).  No obvious geographical pattern was observed 
when the recombining haplotypes were plotted according to sampling location.  Heterozygosity 
was high across loci, ranging from 58-78% and genetic variation within-individuals comprised a 
larger proportion of the total variation than among-individuals (60% versus 40%, respectively, 
based on an AMOVA). 
Population Genetic Structure 
Structure analysis using the ΔK method resulted in three hierarchical levels of population 
structure and seven populations (Figure 4.2).  For the overall dataset, ΔK peaked at K=2 with 
central Texas samples (pop I) separated from everything else (pop II).  Subsequent analysis of 
pop I produced a ΔK peak at K=2 separating central Texas east (CT) from central Texas west 
(CWT) (which together, are hereafter referred to as pop A), while analysis of pop II produced a 
ΔK peak at K=2 separating samples east of the approximate Alabama-Mississippi border (pop B) 
from everything else (pop C).  Further sub-structuring was detected for pop B (ΔK peak at K=2) 
with samples roughly separated east (ME) and west (MW) of the Mississippi River, though with 
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extensive overlap, and for pop C (ΔK peak at K=3) in which populations were assigned roughly 
to three geographical regions: 1) approximate to or east of the Tombigbee River (TE), 2) the 
Florida Panhandle (FP), and 3) the east coast (EC).  Further analysis of these seven populations 
where K>1 resulted in purely admixed clades without qualitatively improved log-likelihoods.  
Mixed ancestry was inferred from several samples which were almost always observed near 
bordering populations (Figure 4.2), justifying our treatment of these samples as hybrids rather 
than repositories of incompletely-sorted alleles.  
No significant correlation between genetic and geographic distance was detected for any 
population after a Bonferroni correction, suggesting that inferred phylogeographic fragmentation 
in the multilocus data is not an artifact of isolation by distance (Table 4.1).  
A statistically significant amount of variation was explained by all mtDNA clade and nuclear 
DNA (nDNA) population designations after a Bonferroni correction excepting the clade l-clade n 
comparison (Table 4.2).  However, percentage of genetic variation partitioned among mtDNA 
clades, while significant, was low relative to among Structure populations and lower than would 
be expected for reciprocally-monophyletic mtDNA clades averaging ~4% uncorrected sequence 
divergence at cytb for these comparisons (Jackson and Austin 2010).   
The multilocus distance network exhibits clustering of samples congruent with the 
Structure analysis (Figure 4.4).  Corrected and uncorrected distances produce qualitatively 
similar results, thus only the latter are shown.  Hybrid samples, when included, usually cluster 
with one or the other population rather than being intermediate between them (Figure 4.5).  
Multilocus Species Coalescent 
The *BEAST species tree exhibits high support for relationships among the seven populations 
(plus outgroup species) consistent across independent searches (Figure 4.6a).  These  
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Table 4.1.  Pearson’s correlation coefficient (r) and p-values are shown for Mantel test carried 
out for seven populations to test for the significant correlation between genetic distance and the 
log of geographical distance.  The y-intercept, slope and correlation coefficient of a reduced 
major axis regression of these distances are also indicated. 
 
 
Population  r  p‐value  intercept  SE  slope  SE  r2 
CTW  0.336168  0.0090  0.5145  0.0155  0.0767  0.0062  0.1130 
CTE  0.200154  0.0790  0.6012  0.0204  0.0750  0.0084  0.0401 
ME  0.231352  0.0340  0.3084  0.0285  0.1551  0.0130  0.0535 
MW  0.126663  0.2070  ‐2.2935  0.3428  1.0469  0.1298  0.0160 
TE  0.028051  0.3190  0.4334  0.0197  0.1044  0.0076  0.0008 
FP  0.106441  0.1020  0.5812  0.0136  0.0742  0.0064  0.0113 
EC  0.093558  0.1830  0.2073  0.0344  0.1659  0.0134  0.0088 
 
relationships differ in two ways from the Structure tree: 1) TE is nested with the two Mississippi 
River populations (MW and ME) rather than with the eastern populations and 2) the eastern-most 
population (pop C) rather than the central Texas population (pop A) is ancestral.  Removing 
samples near adjacent populations does not alter the species tree topology, although posterior 
probability of the (ME,MW)TE relationship is reduced (Figure 4.6b).  Analyzing the nuclear 
dataset along with cytb sequences results in the same topology, except that MW clusters with the 
two central Texas populations (Figure 4.6c).  For the replicate re-sampling analysis, a central 
Texas clade is consistently resolved regardless the number of gene copies analyzed.  For the 
remaining nodes, up to 16 gene copies (or more) are required before being inferred at a high (i.e., 
95%) frequency (Figure 4.7).  Marginal log-likelihoods are significantly higher for all three 
constrained species trees relative to the unconstrained tree (even when only the lower and upper 






Table 4.2.  AMOVA results for various population groupings based on mtDNA clade 
membership and Structure inference at three hierarchical levels.  Population notations are the 
same as those shown in Figures 4.1-4.3.  Asterisks indicate alternative population structure based 
on species tree analysis using *BEAST as shown in Figure 4.6.   
 
 
Grouping  Comparison  %Among  %Within FST  P‐value 
mtDNA  a‐b  8.9  91.1  0.0889  0.0012 
mtDNA  d‐g  6.3  93.7  0.0629  0.0011 
mtDNA  e‐f  14.0  86.0  0.1400  <0.0001 
mtDNA  g‐i  7.8  92.2  0.0779  0.0005 
mtDNA  h‐i  12.9  87.1  0.1287  <0.0001 
mtDNA  j‐k  5.4  94.6  0.0540  0.0003 
mtDNA  l‐n  3.3  96.7  0.0329  0.0245 
Structure (1˚)  I‐II  36.5  63.5  0.3647  <0.0001 
Structure (1˚)  I*‐II*  22.4  77.6  0.2239  <0.0001 
Structure (2˚)  A‐B  35.1  64.9  0.3512  <0.0001 
Structure (2˚)  A‐B*  36.0  64.0  0.3603  <0.0001 
Structure (2˚)  A‐C  46.9  53.1  0.4690  <0.0001 
Structure (2˚)  A‐C*  49.5  50.5  0.4946  <0.0001 
Structure (2˚)  B‐C  19.6  80.4  0.1959  <0.0001 
Structure (2˚)  B‐C*  16.9  83.1  0.1690  <0.0001 
Structure (2˚)  A‐B‐C  33.8  66.2  0.3376  <0.0001 
Structure (2˚)  A‐B*‐C*  32.4  67.6  0.3238  <0.0001 
Structure (3˚)  CTW‐CTE  38.4  61.6  0.3840  <0.0001 
Structure (3˚)  ME‐MW  32.0  68.0  0.3202  <0.0001 
Structure (3˚)  ME‐TE  28.3  71.7  0.2832  <0.0001 
Structure (3˚)  MW‐TE  38.7  61.3  0.3874  <0.0001 
Structure (3˚)  TE‐FP  28.1  71.9  0.2813  <0.0001 
Structure (3˚)  TE‐EC  19.7  80.3  0.1969  <0.0001 
Structure (3˚)  FP‐EC  19.8  80.2  0.1976  <0.0001 
Structure (3˚)  B‐TE  24.8  75.2  0.2484  <0.0001 
Structure (3˚)  C*TE  18.6  81.4  0.1861  <0.0001 






Figure 4.4.  Phylogenetic network constructed from multilocus data using the NeighborNet 





Figure 4.5.  Phylogenetic network constructed from multilocus data using the NeighborNet  
algorithm in SplitsTree.  This analysis is the same as that portrayed in Figure 4.4 except that it  




Figure 4.6.  Consensus population trees inferred using the multilocus species coalescent 
implemented in *BEAST under the assumption of seven Structure populations.  Clades A-C 
noted with an asterisk are those which are topologically discordant with their corresponding 
Structure-inferred population.  Trees are shown for separate analyses performed a) including and 
b) excluding samples nearest parapatric boundaries and c) including cytb sequence data.  
Posterior probability of each node is indicated as a percentage and double-hatched markings 
indicate branch lengths that have been shortened. 
 
 
Figure 4.7.  Consensus population trees inferred using *BEAST under four sampling schemes 
whereby 100 datasets were randomly generated for each (with 2, 4, 8, and 16 gene copies per 
population) from the full dataset.  Bipartition frequencies are given at each node and indicate the 
frequency of replicates supporting a relationship. 
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Table 4.3.  Log-likelihoods and Bayes factors for comparisons between unconstrained and 
constrained phylogenetic models implemented in *BEAST. 
 
Constraint lower log(H1) upper log(H0) 2log(B10) 
(CTW,CTE,(ME,MW,TE,FP,EC)) -9475 -9660 370 
(CTW,CTE,ME,MW,(TE,FP,EC)) -9475 -9758 566 
(CTW,CTE,(ME,TE),MW,FP,EC) -9475 -9767 584 
 
 
Modeling Isolation-with-Divergence  
For the full dataset, estimates of time since divergence among these populations range from 
roughly 90,000 years (between ME and MW) and 505,000 years (between TE and FP) before 
present when the cytb-calibrated evolutionary rate was assumed.  Effective population size 
estimates tend to increase from west to east, with the highest diversity inferred on the east coast 
(Tables 4.4-4.5).  Migration tends to be asymmetrical, with the highest rates of migration usually 
moving from eastern to western populations (with the exception of CTW↔CTE, where 
migration is highest eastward).  Analyses that retain recombining regions produce estimates of t 
and m that are qualitatively similar to analyses where they are removed (data not shown).  
However, as observed previously using simulations (Strasburg and Rieseberg 2010), estimates of 
θ tend to be significantly larger (particularly in eastern populations) when recombining regions 
are included (results not shown), likely due to the retention of more polymorphism-rich data as 
well as to the mistaking of recombination for mutation.  Thus θ values reported in Tables 4.4-4.5 
may underestimate the present diversity. 
Parameter estimates resulting from simultaneous versus pairwise analysis of the three 
major populations are qualitatively similar for t, θ, and most migration parameters (Table 4.4), 
suggesting that modest gene flow with an unsampled third population does not have a large 
effect on parameter estimates.  Although there is some variation among tests, only the migration 
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estimates from populations C→A, C*→A, and B*→A appear to significantly differ (HPD 
intervals of one analysis do not contain the high point value of the other analysis), being 
heightened in the pairwise relative to the simultaneous analysis.  In the case of the C→A and 
C*→A rates, this increase is tempered when boundary samples are removed, suggesting that 
gene flow with the unsampled population B/B* is elevating gene flow estimates in these cases. 
Analysis of datasets where samples closest to the geographical boundaries of populations are 
removed generally yield increased estimates of divergence time and decreased estimates of θ and 
migration relative to the full datasets, which would be expected if introgressed individuals have 
been preferentially removed. These patterns are particularly prevalent when analyzing the upper 
hierarchical structure (Table 4.4), but also generally hold for the lower hierarchical comparisons 
(Table 4.5), with the exception of θ values, which do not differ consistently between full and 
culled datasets (although θ is actually significantly larger in FP and EC populations when 
boundary samples are removed). 
Alternately assuming population composition and phylogeny supported by Structure 
versus *BEAST has little effect on estimates of t (Table 4.4), indicating that prior phylogeny 
does not impose undue influence on estimates (relevant only to the three-population analysis) 
and/or that isolation of the three major populations commenced on a similar timescale.  Although 
θ estimates for population A are robust to phylogeny, not surprisingly, populations B and C are 
alternately largest whenever lumped together with subpopulation TE.  Migration rate estimates 
tend to be higher between populations B and C when subpopulation TE is lumped with C (as 
supported by Structure) rather than B suggesting that gene flow is highest between TE and B, 
rendering C the most isolated.  Directly comparing migration estimates between [ME,MW]↔TE 




Table 4.4.  Most likely estimates (followed by their 90% highest posterior density or HPD) for demographic parameters resulting 
from both 3- and 2-population pairwise IMa2 analyses involving three upper-hierarchy populations of S. lateralis.  Analyses were run 
for full and reduced datasets (wherein samples near parapatric boundaries were retained or removed, respectively).  Additionally we 
performed analyses that assume, in turn, the phylogenetic topology supported by hierarchical Structure analysis and by *BEAST 
analysis (indicated by an asterisk).  For 3-way analyses only, t0 = time since the most recent divergence (between pop B and pop C, 
assuming the Structure topology or between pop A and pop B, assuming the *BEAST topology) and t1 = time since the oldest 
divergence.  Otherwise txy = time since divergence between populations x and y; θx = four times the effective population size of 
population x in a 3-way analysis; θx|y = four times the effective population size of population x in a 2-way analysis involving 
population y; mx→y = the rate of migration from population x into population y.  All parameters are scaled by the neutral mutation rate.  
HPD’s that include ∞ indicate analyses that failed to converge to zero.  Migration rates from population comparisons for which 
allopatric divergence was rejected in LLR tests of nested models are highlighted with a square. 
 
  3-population 2-population 
  Full Reduced Full* Reduced* Full Reduced Full* Reduced* 
t0 0.62            
(0.40 - 0.88) 
0.74           
(0.45 - 1.16) 
0.53           
(0.34 - 0.76) 
0.74           
(0.45 - 1.11) NA NA NA NA 
t1 0.64            
(0.58 - ∞) 
0.94           
( 0.92 - ∞) 
0.64           
(0.44 - ∞)  
0.91           
(0.71 - ∞) NA NA NA NA 
tAB NA NA NA NA 0.77            (0.46 - 1.33) 
0.92            
(0.51 - 1.57) 
0.68            
(0.44 - 1.15) 
0.93           
(0.51 - 1.57) 
tAC NA NA NA NA 0.67            (0.45 - 0.98) 
1.15            
(0.62 - 2.20) 
0.88            
(0.56 - 1.79) 
1.37           
(0.74 - 2.57) 
tBC NA NA NA NA 0.58            (0.37 - 0.95) 
0.68            
(0.43 - 1.45) 
0.58            
(0.40 - 0.85) 
1.01           
(0.52 - 1.88) 
θA 1.7             
(1.10 - 2.45)      
0.53           
(0.26 - 0.98) 
1.94           
(1.25 - 2.78) 
 0.62           
(0.32 - 1.07) NA NA NA NA 
θA|B NA NA NA NA 2.00            (1.31 - 2.87) 
0.77            
(0.41 - 1.28) 
2.00            
(1.37 - 2.90) 
0.77           
(0.41-1.28) 
θA|C NA NA NA NA 2.15            (1.46 - 3.12) 
0.68            
(0.35 - 1.13) 
2.09            
(1.43 - 2.93) 
0.71           
(0.38 - 1.19) 
θB 3.77            
(2.51 - 5.39) 
3.38           
(2.09 - 4.97) 
6.375          
(4.88 - 8.45) 
3.38           
(2.09 - 5.27) NA NA NA NA 
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θB|A NA NA NA NA 4.67            (3.38 - 6.38) 
3.71            
(2.54 - 5.39) 
6.11            
(4.82 - 8.06) 
3.71           
(2.54 - 5.39) 
θB|C NA NA NA NA 3.92            (2.69 - 5.48) 
3.08            
(1.94 - 4.58) 
6.32            
(4.85 - 8.15) 
2.84           
(1.79 - 4.34) 
θC 8.15            
(5.99 - 11.03) 
6.05           
(4.16 - 8.78) 
6.29           
(4.52 - 9.14) 
5.03           
(3.32 - 7.49) NA NA NA NA 
θC|A NA NA NA NA 8.72            (6.65 - 11.47) 
6.38            
(4.64 - 8.99) 
6.74            
(4.88 - 9.41) 
5.42           
(3.74 - 7.88) 
θC|B NA NA NA NA 8.15            (5.99 - 11.14) 
6.11            
(4.19 - 9.23) 
7.37            
(5.09 - 10.76) 
5.00           
(3.26 - 7.70) 
mA→B 0.16            
(0.01 - 0.71) 
0.03           
(0.00 - 0.22) 
0.07           
(0.00 - 0.27) 
0.03           
(0.00 - 0.18) 
0.18            
(0.02 - 0.51) 
0.02            
(0.00 - 0.14) 
0.09            
(0.01 - 0.28) 
0.02           
(0.00 - 0.14) 
mB→A 0.67            
(0.212 - 1.55) 
0.12           
(0.00 - 0.72) 
0.42           
(0.12 - 1.04) 
0.00           
(0.00 - 0.52) 
0.70            
(0.28 - 1.39) 
0.17            
(0.02 - 0.58) 
0.58            
(0.22 - 1.18) 
0.17           
(0.02 - 0.58) 
mA→C 0.00            
(0.00 - 0.08) 
0.00           
(0.00 - 0.08) 
0.00           
(0.00 - 0.19) 
0.00           
(0.00 - 0.12) 
0.00            
(0.00 - 0.10) 
0.03           
(0.00 - 0.13) 
0.04            
(0.00 - 0.22) 
0.03          
(0.00 - 0.15) 
mC→A 0.00            
(0.00 - 0.35) 
0.11           
(0.00 - 0.50) 
0.00           
(0.00 - 0.31) 
0.12           
(0.00 - 0.49) 
0.25            
(0.06 - 0.63) 
0.18            
(0.03 - 0.55) 
0.26            
(0.07 - 0.57) 
0.18          
(0.03 - 0.55) 
mB→C 0.28            
(0.09 - 0.65) 
0.09           
(0.00 - 0.44) 
0.28           
(0.00 - 0.69) 
0.02           
(0.00 - 0.45) 
0.29            
(0.07 - 0.64) 
0.20            
(0.00 - 0.55) 
0.20            
(0.01 - 0.58) 
0.20           
(0.00 - 0.68) 
mC→B 0.45            
(0.03 - 1.06) 
0.16          
(0.00 - 0.78) 
0.13           
(0.01 - 0.40) 
0.38           
(0.00 - 0.89) 
0.55            
(0.11 - 1.22) 
0.13            
(0.00 - 0.77) 
0.07            
(0.00 - 0.31) 
0.19           
(0.00 - 0.83) 
 
 





Table 4.5.  Most likely estimates (followed by their 90% HPD) for demographic parameters that result from select 2-population IMa2 
analyses involving seven lower-hierarchy populations of S. lateralis.  Analyses were run for full and reduced datasets (wherein 
samples near parapatric boundaries were retained or removed, respectively).  t = time since divergence between populations, θ  = four 
times the effective population size, and m1→2  = the rate of migration from population 1 into population 2.  All parameters are scaled 
by the neutral mutation rate.  HPD’s that include ∞ indicate analyses that failed to converge to zero.  Migration rates from population 




Population Full Reduced 
Comparison t θ1 θ2 m1→2 m2→1 t θ1 θ2 m1→2 m2→1 
CTW1 – CTE2 
0.58         
(0.29 - ∞) 
0.83          
(0.41 - 1.43) 
1.70           
(0.92 - 3.20) 
2.11         
(0.61 - 3.97) 
0.41          
(0.00 - 2.00) 
0.52          
(0.15 - ∞) 
0.35          
(0.14 - 0.74) 
2.45            
(1.31 - 5.18) 
0.45          
(0.12 - 1.90) 
0.00          
(0.00 - 1.10) 
CTE1 – MW2 
0.69         
(0.19 - ∞) 
2.06          
(1.13 - 3.53) 
2.96           
(1.67 - 4.82) 
0.03          
(0.00 - 1.37) 
0.55          
(0.00 - 1.67) 
0.68          
(0.20 - ∞) 
2.00          
(1.04 - 3.56) 
2.99            
(1.64 - 4.97) 
0.00          
(0.00 - 1.47) 
0.56          
(0.00 - 1.85) 
ME1 – MW2 
0.14         
(0.02 - ∞) 
1.22          
(0.50 - 2.81) 
1.94           
(0.59 - 19.50) 
2.13         
(0.30 - 3.00) 
0.23          
(0.00 - 2.34) 
0.63          
(0.11 - ∞) 
2.60          
(1.40 - 5.40) 
1.25            
(0.62 - 2.51) 
1.60          
(0.32 - ∞) 
0.00          
(0.00 - 2.46) 
ME1 – TE2 
0.69         
(0.28 - ∞) 
1.79          
(1.01 - 3.11) 
1.64           
(1.01 - 2.54) 
0.46          
(0.06 - 1.34) 
0.98          
(0.21 - 2.25) 
0.71          
(0.32 - ∞) 
2.03          
(1.19 - 3.41) 
1.13            
(0.59 - 1.91) 
0.41          
(0.02 - 1.39) 
1.03          
(0.25 - 2.13) 
MW1 – TE2 
0.65         
(0.41 - ∞) 
1.61          
(0.89 - 2.93) 
1.46           
(0.86 - 2.21) 
0.13         
(0.00 - 0.95) 
1.73          
(0.86 - 2.95) 
0.81          
(0.40 - ∞) 
1.40          
(0.77 - 2.36) 
1.01            
(0.50 - 1.76) 
0.38          
(0.00 - 1.80) 
0.90          
(0.00 - 2.16) 
TE1 – FP2 
0.79         
(0.37 - ∞) 
1.64          
(0.95 - 2.54) 
2.93           
(1.67 - 5.12) 
0.31          
(0.03 - 0.97) 
0.31          
(0.00 - 0.91) 
0.89          
(0.53 - 1.73) 
1.34          
(0.77 - 2.21) 
4.55            
(2.90 - 7.58) 
0.00          
(0.00 - 0.29) 
0.22          
(0.01 - 0.66) 
TE1 – EC2 
0.65         
(0.29 - ∞) 
2.06          
(1.34 - 3.20) 
3.77           
(2.21 - 7.01) 
0.10         
(0.00 - 0.64) 
0.07          
(0.00 - 0.45) 
0.85          
(0.47 - 1.75) 
1.82          
(1.07 - 2.96) 
4.82            
(2.96 - 8.24) 
0.00          
(0.00 - 0.75) 
0.02          
(0.00 - 0.48) 
FP1 - EC2 
0.69         
(0.20 - ∞) 
2.33          
(1.28 - 4.22) 
4.07           
(2.45 - 6.65) 
0.05          
(0.00 - 0.66) 
0.37          
(0.01 - 0.86) 
0.86          
(0.56 - 1.90) 
4.19          
(2.66 - 6.71) 
4.94            
(3.02 - 7.91) 
0.00          
(0.00 - 0.56) 
0.13          




B↔C and [ME,MW]↔TE, but not for B*↔C* or [FP,EC]↔TE (Tables 4.4, 4.6-4.7).  
Migration between A↔B is likewise elevated under the Structure-inferred phylogeny, whereas 
A↔C migration is near zero under both scenarios (Table 4.5).  Migration discrepancies due to 
prior phylogeny largely disappear when border samples are removed.  In general, the rejection of 
allopatric divergence was less common in comparisons involving border-culled datasets relative 
to full datasets (Table 4.4, 4.6-4.7).
DISCUSSION 
Hierarchical Structure within S. lateralis 
Inference of relationships among populations that may or may not be hierarchically structured 
(Kalinowski 2009) and that have been shaped by a complex of processes such as gene flow, 
shifts in range and population size, as well as extinction and selection (potentially affecting 
independent loci differently) can be misled when relying on any one locus or phylogenetic 
approach (Rosenberg and Nordborg 2002).  Furthermore, effects of such deterministic forces can 
be confounded with stochastic ones also contributing to patterns of divergent genetic variation 
(Wu 1991; Arbogast et al. 2002; Hudson and Coyne 2002).  In this study, we have applied 
multilocus sequence data and a combination of phylogenetic, cluster-based, and migration-
divergence approaches to elucidate evolutionary history that has shaped natural populations still 
engaged in a process of divergence far from complete.  High mtDNA diversity and 
fragmentation have previously been observed in S. lateralis, with frequent isolation and 
divergence evident along the Gulf Coast resulting in 14 well-recovered groups (Figure 4.1; 
Jackson and Austin 2010).  Here, in spite of additional sampling from divergent mtDNA 
haploclades, Structure best supports seven multilocus populations as found previously for nDNA 





Figure 4.8.  Posterior probability estimates for divergence time and migration rate parameters 
from IMa2 analysis of populations 1) [ME,MW] and TE and 2) [FP,EC] and TE.  
 
estimating hierarchical structure among these inferred populations using cluster and coalescent-
based approaches results in topological discrepancies that underscore the importance of using 
multiple approaches, particularly those that account for population genetic processes such as 
migration and the effective size of populations, when estimating hierarchical structure among 
very closely related groups.  Understanding the limitations of comparative methods used and 
repeating these methods under a variety of sampling methodologies can help resolve discordantly 
inferred histories.  
Topological results are divided over whether the central Texas (pop A) or eastern (pop C) 
samples represent the ancestral population.  The central Texas population appears most 
genetically distinct when analyzing the data with AMOVA (Table 4.2) or concatenation 
phylogenetics (results not shown) and emerges as the upper-most hierarchical structure using 




Table 4.6.  Results from log-likelihood ratio (LLR) tests comparing full and nested models (a full isolation-with-migration model 
versus a strict allopatric model).  Tests were run for 2- and 3-population analyses involving 3 upper-hierarchy populations as well as 
for full and reduced datasets (wherein samples near parapatric boundaries were retained or removed, respectively).  We also tested 
those analyses that assume, in turn, the phylogenetic topology supported by hierarchical Structure analysis and by *BEAST analysis 
(indicated by an asterisk).  Population comparisons labeled “ALL” indicate a simultaneous 3-population analysis.  Results highlighted 
in red indicate analyses for which an allopatric model was rejected in a chi-square test. 
 
Population  Full                        Reduced                       
Comparison  Log(full)  Log(nest)  2LLR  p‐value  Log(full)  Log(nest)  2LLR  p‐value 
AB (2 pop)  1.08  ‐136.70  275.50  <0.001  4.931  ‐0.1572  10.18  0.001‐0.01 
AC (2 pop)  3.41  ‐1.03  8.87  0.01‐0.025  3.062  ‐1.793  9.71  0.001‐0.01 
BC (2 pop)  ‐0.25  ‐129.20  257.90  <0.001  ‐0.1251  ‐1.288  2.326  >0.10 
AB (3 pop)  ‐139.30  10.76  300.20  <0.001  8.992  10.33  2.679  >0.10 
AC (3 pop)  10.76  10.76  0.00  >0.10  9.648  10.33  1.366  >0.10 
BC (3 pop)  ‐161.40  10.76  344.40  <0.001  9.813  10.33  1.037  >0.10 
ALL (3 pop)  ‐768.10  10.76  1558.00  <0.001  ‐51.06  10.33  122.8  <0.001 
Population  Full*                        Reduced*                       
Comparison  Log(full)  Log(nest)  2LLR  p‐value  Log(full)  Log(nest)  2LLR  p‐value 
AB* (2 pop)  1.82  ‐104.80  213.10  <0.001  3.759  ‐0.09601  7.71  0.01‐0.025 
AC* (2 pop)  1.73  ‐1.45  6.36  0.025‐0.05  2.738  ‐13.7  32.88  <0.001 
B*C* (2 pop)  0.59  ‐1.13  3.44  >0.10  1.759  ‐2.523  8.565  0.01‐0.025 
AB* (3 pop)  ‐13.43  11.27  49.39  <0.001  10.18   11.30   2.230   >0.10  
AC* (3 pop)  11.12  11.27  0.29  <0.001   8.832  11.30  4.935  0.05‐0.10 
B*C* (3 pop)  ‐16.00  11.27  54.53  <0.001  7.229   11.30  8.142  0.01‐0.025 






Table 4.7.  Results from log-likelihood ratio (LLR) tests comparing full and nested models (a full isolation-with-migration model 
versus a strict allopatric model).  a) Tests were run for select 2-way analyses involving seven lower-hierarchy populations for full and 
reduced datasets (wherein samples near parapatric boundaries were retained or removed, respectively).  b) Tests were performed for 
analyses involving [ME,MW]-TE and [FP,EC]-TE.  Results highlighted in red indicate analyses for which an allopatric model was 
rejected in a chi-square test, given two degrees of freedom, after a Bonferroni correction.   
 
 
     a. 
Population  Full            Reduced           
Comparison  Log(full)  Log(nest)  2LLR  p‐value  Log(full)  Log(nest)  2LLR  p‐value 
CTW‐CTE  ‐0.80  ‐237.50  473.30  <0.001  0.2991  ‐3.318  7.234  0.025‐0.05 
CTE‐MW  ‐0.40  ‐16.53  32.25  <0.001  ‐0.6952  ‐4.211  7.033  0.025‐0.05 
ME‐MW  ‐4.79  ‐6.25  2.92  >0.10  ‐1.975  ‐4.825  5.699  0.05‐0.10 
ME‐TE  1.49  ‐16.19  35.35  <0.001  ‐1.644  ‐17.24  31.2  <0.001 
MW‐TE  0.86  ‐30.23  62.19  <0.001  ‐1.668  ‐16.77  30.2  <0.001 
TE‐FP  0.40  ‐3.02  6.85  0.025‐0.05  1.744  ‐1.07  5.628  0.05‐0.10 
TE‐EC  ‐0.23  ‐2.55  4.63  0.05‐0.10  0.5503  0.5503  0  >0.10 
FP‐EC  ‐1.68  ‐71.40  139.40  <0.001  0.1674  ‐1.077  2.489  >0.10 
 







Population  Full                            
Comparison  Log(full)  Log(nest)  2LLR  p‐value 
[ME,MW]‐TE  ‐0.92  ‐142.30  282.80  <0.001 
[FP,EC]‐TE  ‐0.72  ‐1.81  2.18  >0.10 
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central Texas populations when as few as any two samples are randomly drawn (whereas other 
nodes require at least 16 samples), suggesting that unique alleles within the Texas populations 
are closest to completion of the lineage sorting process.  However, other evidence suggests that 
the eastern population is most basal.  With a large number of samples per population, coalescent 
species tree analysis places populations FP and EC ancestral to everything else (Figure 4.6), a 
topology that is significantly more likely than one where central Texas populations are 
constrained to be basal (Table 4.3).  This topology is also consistent with the mtDNA pattern 
(Jackson and Austin 2010) as well as the pattern of highest diversity inferred in the eastern 
populations (Table 4.4).  The general east to west direction of migration inferred across the 
species is also suggestive of an east coast/Florida Panhandle origin for the group where most 
western populations ultimately derive from eastern migrants.   
One explanation for this discordance among methods relates to difference in effective 
population size.  If one only relies on raw differentiation, peripheral or smaller populations may 
appear older than they are given an enhanced rate of allelic fixation and loss (Gavrilets et al. 
2000).  The inference of a much larger effective population size for pop C relative to pop A 
(IMa2 estimates range from three to five times larger; Table 4.4) suggests that pop A need not be 
the oldest population to be the furthest along the divergence process.  This is only clear once a 
method that accounts for differences in θ among populations (*BEAST) is applied. 
Another topological discrepancy observed between methods pertains to the position of 
population TE, which is alternately placed sister to FP/EC (Figure 4.2) or ME/MW (Figure 4.6a) 
by Structure or *BEAST analyses, respectively.  This discrepancy could reflect differential 
evolutionary history at different time scales or a violation of method assumptions.  In regards to 
the former, whereas coalescent approaches such as those implemented in IMa2 and *BEAST 
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estimate parameters that are affected by processes enacted over hundreds or thousands of 
generations, Structure depends on the more transient processes that govern current patterns of 
disequilibrium within and among populations and loci and may reflect very recent changes in 
patterns of migration.  Thus, TE may have originally diverged from population B (reflected in 
the *BEAST tree), but has since been exchanging more migrants with east coast populations 
(reflected in the Structure-derived relationships), resulting in conflicting signals between the two 
methods.  This scenario is plausible given the prevalence of mixed ancestry inferred for samples 
near the boundaries of populations TE, FP, and EC in the face of allopatric divergence inferred 
between TE and [FP,EC] using IMa2 once these inferred hybrids were removed.  However, 
given similar evidence for current gene flow between TE and [ME,MW] along with a rejection 
of long-term allopatric divergence, it is unclear why the TE↔[FP,EC] migration would produce 
the greater effect on the Structure results.  
Alternatively, if TE diverged from the eastern populations in allopatry and subsequently 
engaged in gene flow upon secondary contact with ME/MW (a scenario consistent with the IMa2 
migration estimates), the sister relationship between TE and [ME,MW] estimated by *BEAST 
may be an artifact of recent gene flow.   Recent migration could be mistaken for recent 
divergence given that the program assumes that shared variation results from ancestry rather than 
gene flow.  This scenario cannot be ruled out given that migration between ME↔TE and 
MW↔TE is evident, even when samples near borders are removed (Table 4.5).  Nonetheless, the 
fact that the mtDNA phylogeny supports the *BEAST topology leads us to favor it over the 
Structure-inferred topology.   
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The Role of Migration in Divergence 
When investigating nascent divergence where allele sharing across groups is common, it is 
difficult to discern whether this is the result of on-going gene flow among descendent 
populations or unsorted ancestral polymorphisms.  Comparing the fit of our data to an allopatric 
versus isolation-with-migration model can help to distinguish these two possibilities.   A simple 
allopatric scenario is rejected for most comparisons, suggesting that ongoing gene flow has 
played an important role in the divergence history of this group.    
However, the effects of isolation with migration on parameter estimates are difficult to 
distinguish from the effects of allopatric isolation followed by recent migration upon secondary 
contact (Coyne and Orr 2004; Becquet and Przeworski 2009).  In an attempt to distinguish the 
relative effects of these two scenarios, we investigated differential gene flow in samples 
proximate to and distant from neighboring populations.  If gene flow played an important role in 
the divergence process, its signal should be evident even when only samples far removed from 
the current point of parapatry are considered.  Gene flow detectable only near the contemporary 
boundaries of populations is more likely due to recent migration between populations previously 
isolated in allopatry.   
Migration-divergence analysis of datasets from which samples nearest adjacent 
populations were removed indicates that migration is geographically structured, generally 
yielding lower migration estimates relative to analysis of full datasets.  Although isolation in 
allopatry could be rejected in two out of three and five out of the eight upper and lower-hierarchy 
population comparisons, respectively, when using full datasets, only one (upper) and two (lower) 
of these remain significant when analyzing reduced datasets (Tables 4.6-4.7), suggesting that 
most hybrid individuals inferred using Structure near population borders likely result from 
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secondary contact of populations that largely diverged in allopatry.  This sensitivity of inferred 
gene flow to geographical sampling highlights the importance of accounting for varying levels of 
migration across a species range when testing migration-divergence hypotheses (see also Leaché 
2009; Carling et al. 2010). 
Other, more complicated migration-divergence scenarios are also plausible, but not 
distinguishable, using current methods.  For instance, simulations using a similar IM model 
suggest that if gene flow was present only during initial divergence, but then ceased, allopatry 
may be wrongly supported (Becquet and Przeworski 2009).  The effects of a cyclical recurrence 
of isolation and gene flow in response to fluctuating aridity throughout the Plio-Pleistocene 
would also be difficult to distinguish from a simpler IM model.   
Understanding Cytonuclear Discordance 
While the *BEAST topology is broadly consistent with a previously reconstructed mtDNA 
phylogeny, the depth and pervasiveness of divergence is greater in mtDNA relative to nDNA.  
The divergence times estimated here (between 90,000 and 505,000 years bp) are much more 
recent than those estimated in a previous study based on cytb (which range from 1.3 to 7.4 
million years bp when assuming a 1.5% divergence rate; Jackson and Austin 2010), even after 
accounting for the four-fold difference in effective population size between genomes.  
Additionally, several geographically-restricted mtDNA clades of significant divergence are 
wholly unrepresented in the nDNA, even though these clades exhibit similar levels of mtDNA 
divergence to those geographically-larger clades that do have a nuclear counterpart (Jackson and 
Austin 2010).  For example, although mtDNA clade l (isolated to a small pocket of the Florida 
Panhandle between the Choctawhatchee and Apalachicola Rivers; Figure 4.1) is separated from 
clade n by 6.2% uncorrected pairwise sequence divergence at cytb, these samples exhibit no 
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significant divergence in a multilocus AMOVA (Table 4.2).  Mitochondrial clades d, f, i, and k 
are similarly lacking the significant divergence at nDNA observed in cytb. 
This discrepancy reverses the pattern observed in many taxa (Martinsen et al. 2001; Mila 
et al. 2010; Wiens et al. 2010) where mtDNA is often more homogeneous than nDNA, possibly 
due to enhanced introgression (Roca et al. 2005; Good et al. 2008; Leaché 2009; Renoult et al. 
2009) or selection (Ruiz-Pesini et al. 2004; Zink 2005; Bazin et al. 2006; Grant et al. 2006) 
involving mtDNA.  Heightened mtDNA divergence has been reported in other taxa (Di Candia 
and Routman 2007), particularly in birds (Brumfield et al. 2008; Lee and Edwards 2008; Carling 
et al. 2010), where it has been speculated to result from enhanced sterility/inviability in females, 
the heterogametic sex (i.e., in accordance with Haldane’s rule), leading to reduced introgression 
of mtDNA relative to nDNA (Carling and Brumfield 2008).  However, this would produce the 
opposite pattern observed in Scincella, where males, rather than females, are heterogametic 
(Wright 1973).  Results from pairwise McDonald-Kreitman (MacDonald and Kreitman 1991) 
tests on pairwise mtDNA clades (results not shown) do not indicate an important role for 
divergent selection on the mtDNA pattern.  Also, retention of ancestral polymorphism in nuclear 
genes is not a satisfying explanation given that other wider-ranging mtDNA clades with equal or 
less divergence have sufficiently sorted at nuclear loci to enable the detection of multilocus 
populations.   
Simulations have shown that stochastic lineage sorting in combination with an isolation-
by-distance pattern can produce deep phylogeographic breaks in non-recombining DNA 
fragments, even when gene flow is otherwise uninterrupted across the range of a population 
(Irwin 2002; Kuo and Avise 2005).  In absence of congruent fragmentation within independent 
loci, stochastic processes leading to observed geographically-concordant mtDNA divergence 
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therefore cannot be ruled out, although it is unclear why this process would predominantly occur 
along the coast where population sizes are highest (Jackson and Austin 2010) and our sampling 
is densest, given that these factors would be expected to reduce any stochastic effect (Irwin 2002; 
Templeton 2004).  
Another possible explanation for heightened mtDNA-nDNA discordance observed only 
in smaller coastal clades concerns the rate at which patterns of ancient divergence may be 
obscured by recent migration in nDNA versus mtDNA.  If some populations along the Gulf 
Coast were isolated to small pockets of habitat at various times in the past (due to contraction of 
mesic habitat during arid cycles), subsequent secondary contact between these diverged groups 
may have readily homogenized populations at nDNA with the aid of recombination, but allowed 
divergent non-recombining mtDNA haplotypes to persist (Roca et al. 2005; Egger et al. 2007; 
Yang and Kenagy 2009).  A flood of migrants from neighboring populations would have more 
readily overwhelmed built-up divergence in geographically smaller populations relative to larger 
ones given that the average distance of any individual to an adjacent population is reduced in the 
former relative to the latter.  This possibility of differential loss of signal in the two genomes is 
supported by the observation that cytb haploclades a and d east and west of the Mississippi River 
in southern Louisiana largely remain isolated and distinct in the face of rampant mixed ancestry 
of nDNA-inferred populations ME and MW occupying this same region.  
Effect of Model Violation 
Although the amount of biological complexity that population genetic and phylogenetic methods 
can capture has improved tremendously over the past few years, they are still often too simplistic 
to adequately model the factors contributing to genetic variation within a sample.  Thus, given 
model uncertainty, it is important to monitor the behavior of parameter estimates under different 
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ways of sampling a dataset in order to distinguish accurate estimates from biased ones that can 
result from violations of model assumptions.  Although we found that some estimates proved 
relatively robust to how data were sampled and analyzed (e.g., the inclusion/exclusion of 
recombining DNA segments), other estimates are sensitive in a way that can alter important 
inferences (as discussed above).  Our results indicate that *BEAST is relatively robust to inferred 
gene flow between populations, but we also found that most nodes require up to 16 gene copies 
or more per population in order to be recovered with high posterior probability, supporting 
simulation studies that suggest that maximizing the number of individuals per species can 
enhance the accuracy and precision with which relationship topologies can be reconstructed for 
recent radiations (Maddison and Knowles 2006; McCormack et al. 2009; Heled and Drummond 
2010).   
When investigating the role of migration in population divergence, we have violated a 
number of assumptions inherent within the IM model.  However, our performance of both 2-way 
(at two hierarchical levels) and 3-way (at one hierarchical level) analyses enables us to track the 
effects of some of these violations on parameter estimation.  First, by combining populations to 
produce two hierarchical levels, we introduce structure to groups that, in theory, should bias 
estimates of θ and migration upward and divergence time downward (Wakeley 2000).  However, 
although upper hierarchical θ estimates are larger than for any of the constituent lower 
hierarchical populations, they are roughly equivalent to the sum of θ values estimated within 
component sub-populations (Tables 4.4-4.5).  Also, Strasburg and Rieseberg (2010) found no 
evidence of bias in any parameters estimated using IMa across a wide range of imposed intra-
population structure.   
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The effect of unsampled populations, another model violation, on parameter estimates 
(upper-hierarchical analyses only) was mainly observed in the form of an upward bias in 
migration rate.  The heightened migration estimates observed C→A in 2-way over 3-way 
analysis could be due to significant migration observed B→A (unaccounted for in the 2-way 
analysis).  A similar pattern was observed in the simulation study by Strasburg and Rieseberg 
(2010) whenever migration with an unsampled population was moderate to high (m>0.2).  The 
disappearance of these differences upon removal of border samples (wherein allopatry can no 
longer be rejected for B↔A) is not likely related to loss of power due to reduced sample size 
given that HPD intervals are similarly wide in full and reduced analysis (Tables 4.4-4.5).  
Therefore, for lower-hierarchy comparisons, migration estimates produced from reduced datasets 
are likely not as affected by this bias (wherein allopatry is usually rejected) as those produced 
from full datasets (wherein allopatry is usually not rejected). 
Our ability to properly monitor the effect of assumed phylogeny on inferred rates of gene 
flow is compromised by our alteration of population composition along with phylogeny in 
alternate IM analyses.  However, it is clear that analyzing different hypothesized structural 
patterns can inform inference of hierarchical relationships if we assume that the true population 
structure will yield the lowest estimates of migration and highest estimates of time since 
divergence.  For example, although divergence time estimates were similar under the two 
relationship hypotheses employed, migration estimates tended to be lowest under the *BEAST 
hypothesis, supporting those relationships.  However, the fact that these differences largely 
disappeared when border samples were removed from the dataset suggests that the increased 
gene flow inferred under the Structure hypothesis may be due to the degree of contemporary 
population overlap rather than differential levels of migration sustained throughout the 
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divergence of these hypothesized populations.  Thus, caution must be used when assessing the 
support of IM inferences for phylogenetic hypotheses.  Nonetheless, it is clear that although 
current analytic methods are unable to infer hierarchical structure while distinguishing the roles 
of isolation and gene flow among populations, much can be learned by cautious integration of 





















CHAPTER 5: EXAMINING THE SOURCE OF PERMEABILITY IN A RIVERINE 
BARRIER USING POPULATIONS OF THE COMMON GROUND SKINK  
(SCINCELLA LATERALIS) 
 
Although much attention has been devoted to understanding the role of large rivers in 
biogeography, their contribution to species diversification is still controversial (Capparella 1991; 
Haffer 1992; Colwell 2000; Gascon et al. 2000; Hayes and Sewlal 2004; Haffer 2008).  Major 
rivers undoubtedly present an impediment to migration for many terrestrial organisms, but they 
may not be sufficiently impenetrable or enduring in the long run to, alone, facilitate speciation 
for most of them (Slatkin 1987; Haffer 1992).  Even if rivers are a formidable barrier where or 
when they are wide or fast-flowing, populations on either side can be connected either by a chain 
of stepping-stone dispersers that circumnavigate the river near its headwaters or by a direct path 
of migration that is intermittently traversable at times when the river is narrower and slower 
(Haffer 1992).  Additionally, an observed correlation between phenotypic or genetic 
diversification and a putative riverine barrier is not necessarily prima facie evidence that the 
river itself was the agent of vicariance.  Haffer (1969) has promoted the refugia hypothesis which 
posits that most diversification may have occurred due to populations being isolated in forest 
fragments that receded during periods of aridification.  When divergent populations later 
expanded their ranges to fill recently re-forested habitat, these populations would often meet at 
rivers, whose moderate barrier effect coupled with interspecific competition was sufficient to 
limit species to a single side of the river. 
An additional riverine feature often cited as an explanation for why rivers are poor long-
term dispersal barriers is channel migration due to meander cutoff or “oxbowing.”  Most large 
meandering rivers engage in a dynamic process of erosion and deposition that leads to lateral 
shifting of channels and the formation of meander loops (Stølum 1996).  These loops eventually 
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expand to the point of being cut off at the neck by the formation of a more direct channel, 
leaving behind an ever-receding oxbow lake (Brice 1974; Constantine and Dunne 2008).  This 
process can have the biologically interesting consequence of effectively “transporting” all 
organisms (and their genes) living within the meander loop from one side of the river to the other 
(Haffer 1992; Peres et al. 1996; Haffer 2008).  For a single meander cutoff event, the foreign 
alleles transported by the cutoff would likely have no long-term population genetic effect.  
However, oxbow generation rates may be sufficiently high as to allow the homogenizing effects 
of resulting gene flow to dominate the differentiating effects of mutation, drift, and selection that 
may be acting on opposite sides of the river. 
Oxbow lakes offer an intriguing place to look for potential “migration breaches” along 
formidable riverine barriers.  Their ubiquity and recurrent nature along most meandering rivers 
allow for replicate sampling from a dateable time-series of ancient meanders. Additionally, 
successfully transported organisms are likely trapped within the severed meander loop long after 
the cutoff event has taken place (given the slow conversion of former riverine channels into 
terrestrial habitat), thus making it easier to catch migrants “in the act” of dispersal before they 
are genetically “swamped out” by introgression with the native population.  Although passive 
transport due to river channel migration has been often cited as a problem for the riverine barrier 
hypothesis (Haffer 1992; Peres et al. 1996; McLuckie et al. 1999; Hayes and Sewlal 2004; 
Haffer 2008), a demonstration of the phenomenon in nature has been elusive, possibly due to the 
logistical problems associated with collecting large samples of individuals along a series of these 
ancient meander loops.  In this study, to better understand the mechanisms governing population 
genetic patterns of a common terrestrial lizard, Scincella lateralis, sampled along the Mississippi 
River, a large riverine barrier, we utilize microsatellite and mitochondrial DNA (mtDNA) data to 
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explicitly test for genetic patterns expected under a model of passive-transport via meander 
cutoff.  
A small mesic-adapted lizard endemic to the southeastern United States, the ground 
skink, S. lateralis, is a good candidate for investigating the potential of meander cutoffs to affect 
population genetic structure.  The species’ high abundance (Mather 1970; Akin 1998) and 
tolerance of a wide-variety of mesic habitats (Dundee and Rossman 1989; Conant and Collins 
1998), coupled with its low vagility (Brooks 1967; Fitch and Achen 1977) and aversion to 
overly-wet environments (Palmer and Braswell 1995; personal observation), would be expected 
to enable a few individuals (able to inhabit the edge of floodlands common within nascent 
oxbows) to “sneak across” the river once a meander cutoff has taken place, while dispersal 
across the basin remains otherwise limited.  In addition, historical isolation of ground skink 
populations due to riverine barriers is suggested by genetic discontinuities observed in a previous 
study which are delineated by several major rivers in the southeast (Jackson and Austin 2010).   
Although these rivers appear to be important barriers for this species, the phylogeographic 
pattern also suggests that they are not completely impermeable.  Species-wide, geographical 
overlap of mtDNA clades was observed at 20% of sites, and these were almost exclusively found 
near rivers that otherwise delineate clade boundaries (Jackson and Austin 2010).  In addition, 
some rivers that demarcate mtDNA haplogroups do not appear to be isolating at nuclear loci, 
suggesting that dispersal across such rivers, either historically or currently, is adequately 
common to homogenize populations at some loci (Jackson and Austin 2010). 
The Mississippi River, one of the most studied alluvial systems in the world (Smith 
1996), has been shown to align with phylogenetic breaks between sister species for a variety of 
co-distributed taxa, suggesting that it has historically been an important isolating barrier in the 
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region (reviewed in Soltis et al. 2006).  This river likewise separates two major S. lateralis 
mtDNA clades (with an average uncorrected pairwise interclade divergence of 6.2%), though 
with some overlap of these clades at sites near the river.  Though restricted gene flow is apparent 
across the river at nuclear DNA, the boundary between two major populations (as inferred using 
a Bayesian cluster analysis) is characterized by an even broader corridor of overlap than mtDNA.  
Thus, although the Mississippi River has apparently isolated populations for this species, its 
long-term impermeability is uncertain. 
For much of its length, the Mississippi River occupies a broad meander belt which has 
shifted several times in the last 10,000 years (Autin et al. 1991; Saucier 1996).  Along this 
meander belt, the process of meander migration has produced a series of abandoned channels at 
any given time along the river that are in various phases along a path to eventual infill by silt 
deposition (Clyde et al. 1983; Gagliano and Howard 1983; Smith 1996; Hudson and Kesel 
2000).  The Lower Mississippi River (south of Cairo, Illinois) has been estimated to historically 
generate 13-15 oxbow lakes per century (Gagliano and Howard 1983), a rate that can potentially 
produce an effective “revolving door” for many terrestrial species, allowing them to passively 
“disperse” from one side of an otherwise un-traversable river to the other.  Such dispersal events 
are predicted to leave behind a population genetic signature, where individuals recently 
transported should better align with species members across the river than on the same side.  For 
the current study, we sample near three oxbow lakes along the Lower Mississippi River to 
determine 1) the extent to which migration occurs across the river and population structure has 
been maintained along it, and 2) the extent to which gene flow across the river can be attributed 




MATERIALS AND METHODS 
Sampling Design 
From 2006-2009 we collected tissue from a total of 260 lizards from 15 sites located on opposite 
sides of the Lower Mississippi River (Appendix E).  Thirteen of these sites are positioned near 
three oxbow lakes in the region:  Lake Washington in Washington County, Mississippi (formed 
~635 ybp), Lake St. John in Concordia Parish, Louisiana (formed ~535 ybp), and False River in 
Pointe Coupee Parish, Louisiana (formed ~300 ybp; dates are approximate and based on Fisk 
1944; Gagliano and Howard 1983).  We refer to the collective sampling around these three lakes 
as northern, central, and southern localities, respectively, concordant with the relative latitude of 
each sampling group.  For each oxbow, we sampled at sites inside and outside the ancient 
meander (called cis and trans sites, respectively) as well as at sites across the Mississippi River 
from the oxbow (called control sites; Figure 5.1).  Due to the limited number of samples obtained 
just cis of the northern oxbow (Lake Washington), Swan Lake, a prehistoric oxbow lake (formed 
~1,350 ybp) that has since undergone transformation into a low-lying swamp and which lies a 
few kilometers east of Lake Washington was also sampled (Figure 5.2).  Oxbow selection was 
based on 1) geographical equidistance among sites, 2) apparent availability of suitable habitat for 
S. lateralis at cis sites as inferred from inspecting current aerial photographs, and 3) the lack of 
any evidence of recent oxbowing on the side of the Mississippi River opposite from cis and trans 
sites such that appropriate control sites could be sampled.  Where multiple cis, trans, and control 
sites were sampled from the same oxbow, these were combined for most analyses such that 20-
29 samples were available for each cis, trans, and control site.  To evaluate the justification for 
combining sites, we tested for significant subdivision within groups of sites using analysis of 





Figure 5.1.  Sampling design for the study is shown, where a triplet of sites (cis, trans, and 
control) was sampled for each of three oxbow lakes along the Lower Mississippi River such that 
levels of migration and divergence could be compared among sites across versus alongside the 
river. 
 
(Excoffier 2005).  We also sampled two sites far removed from the Mississippi River 
(Montgomery Co., AR and Benton Co., MS) referred to as “parental sites” which are assumed 
(based on previous mtDNA and nuclear sequence data; Jackson and Austin 2010) to exist away 
from the region of contact between groups separated by the river (Figure 5.2).   
Genetic Methods 
Genomic DNA was extracted from liver or tail tissue preserved in 95% ethanol using either salt-
extraction (Fetzner 1999) or a Qiagen DNeasy extraction kit (Qiagen, Valencia, CA).  All 
samples were genotyped at 13 microsatellite (simple tandem repeat; STR) loci developed 
previously for S. lateralis (Jackson et al. 2010) and sequenced for 809 base pairs of the 
cytochrome b (cytb) mitochondrial gene using the primers L147241 (Irwin et al. 1991) and 







Figure 5.2.  A map featuring sites sampled near three extant oxbow lakes along the Lower 
Mississippi River (listed north to south these are Lake Washington, Lake St. John, and False 
River—Swan lake, east of Lake Washington in the north, is also featured).  Two “parental” 
samples were collected away from the river.  Numbered circles refer to actual sample sites where 
numbers correspond to localities detailed in Appendix E.  In the south, pairs of samples 
(enclosed by dotted circles) were lumped into cis, trans, and control sites for all analyses.  In the 
north, two cis sites were collected (cis1 and cis2) and combined for some analyses to increase 
sample size.  For each site, circle fill is proportional to percent membership of samples to two 







mtDNA and STR loci as described previously (Austin et al. 2010; Jackson and Austin 2010, 
respectively).  For STRs, PCR products were electrophoresed on a 3100 Genetic Analyzer and 
scored using Genemapper v3.7 (Applied Biosystems) against a Naurox size standard (DeWoody 
et al. 2004).  For cytb, amplicons were purified by combining 5 μl PCR product with 0.25 μl 
Exonuclease I (20 units/μl), 0.25 μl of Antarctic phosphatase (5 units/μl), 0.25 μl 10× buffer (50 
mM Bis-Tris- Propane-HCl, 1mMMgCl2, 0.1mMZnCl2), and 4.25 μl purified water, followed 
by incubation for 20 min at 37◦C and 15 min at 80◦C.  Double-stranded cycle-sequencing was 
carried out for each amplicon using a BigDye Terminator cycle-sequencing kit version 3.1 
(Applied Biosystems, Foster City, CA). After sequences were cleaned using Sephadex, they were 
electrophoresed on a 3100 Genetic Analyzer (Applied Biosystems).   
Error rate in STR genotyping was calculated by repeat-genotyping (both randomly and 
non-randomly) of a subset of samples.  We first randomly selected 16 samples for each locus 
(~6% of the total dataset) to be re-genotyped.  Secondly, we also purposefully re-genotyped 76 
samples that exhibited low peak intensity upon initial genotyping.  Reaction error rate was 
calculated by dividing the number of mismatched genotypes by the total number of re-genotyped 
samples (Hoffman and Amos 2005; Pompanon et al. 2005). 
Population Structure 
For all loci and sites we calculated allele number, Nei’s unbiased estimate of gene diversity (Nei 
1987), and Weir and Cockerham’s (1984) FIS index using FSTAT ver2.9.3.2 (Goudet 2002).  
Allelic richness was calculated with HP-RARE (Kalinowski 2005) which uses rarefaction to 
adjust for differences in sample size.  Proportions of observed heterozygosity were calculated 
using Cervus ver3.0.3 (Marshall et al. 1998) and exact tests for Hardy-Weinberg equilibrium 
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(HWE) and linkage disequilibrium among loci were carried out using GENEPOP ver3.4 
(Raymond and Rousset 1995). 
If the Mississippi River restricts gene flow, genetic differentiation among populations 
should be greater across the river than alongside it.  To investigate this prediction, we calculated 
estimates of Wright’s FST for select population pairs using AMOVA as implemented in Arlequin 
ver3.1.1 (Excoffier 2005).  Although FST can underestimate divergence when rapidly mutating 
markers such as STRs are assayed (Wright 1978; Hedrick 1999), we selected FST over the 
alternative divergence correlate RST (which takes into account a stepwise mutation model; 
Slatkin 1995) due to the observation of superior overall performance of the former in studies 
which, like ours, involve limited sampling and recent genetic divergence (Paetkau et al. 1997; 
Gaggiotti et al. 1999; Balloux and Lugon-Moulin 2002).  We also calculated the metrics G’ST 
(Hedrick 2005) and Dest (Jost 2009) using the program SMOGD ver1.2.5 (Crawford 2010).  
These metrics are independent of the degree of genetic diversity within a dataset and are thus 
particularly suitable for STR loci (Heller and Siegismund 2009).  
We also tested whether genetic differentiation between populations across the river is 
significant after accounting for the geographical distance among populations using partial Mantel 
tests (Smouse et al. 1986).  The analysis was performed separately for cytb and STR datasets and 
also, in turn, was repeated for when “side-of-the-river” was defined by the historical (pre-
meander cutoff) rather than current (post-meander cutoff) location of the river relative to sample 
sites.  Tests were performed using IBD ver1.52 (Bohonak 2002) and significance was assessed 
using 10,000 randomizations. 
We investigated whether two distinct populations/lineages are supported by the data and 
what the distribution of these populations is relative to the river.  For the STR loci (for sites from 
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each of the three oxbows separately and for the entire dataset), we used the Bayesian clustering 
algorithm implemented in Structure ver2.2.3 (Pritchard et al. 2000) to calculate log-likelihoods 
of the data under a series of models assuming different K numbers of populations (from K=1 to 
K=5) as well as to assign individuals to one of the K assumed populations. We ran the program 
ten times for each model for at least 1 million generations (with an additional burnin of 500,000).  
To determine whether Structure-based groups yield higher estimates of divergence than river-
based groups, we calculated divergence metrics (FST, G’ST, and Dest) for inferred clusters (both 
including and excluding individuals assigned to a population with ≤ 0.8 probability).   
To assign samples to one of two mtDNA clades previously described in the region 
(Jackson and Austin 2010), we constructed a neighbor-joining cytb gene tree from uncorrected p-
distances using PAUP* ver4.0b10 (Swofford 2002).  
Cytonulear Disequilibrium 
To investigate the potential for non-random mating between the two mtDNA clades in sympatry, 
we tested whether a significant correlation exists between mtDNA and nuclear variation (i.e., 
cytonuclear disequilibrium).  For individual sites (northcis, northtrans, southcis, and southtrans) and 
select groups of sites (northeast: northcis and northtrans; north: northcis, northtrans, and northcontrol; 
southeast: southcis and southtrans; and south: southcis, southtrans, and southcontrol) that contained a 
sufficient representation of both cytb haploclades, we grouped STR genotypes according to 
mtDNA haploclade membership of each sample.  We then performed an AMOVA for mtDNA-
based groups within each site (or group of sites) using Arlequin ver3.1.1 (Excoffier 2005).  We 
also assessed the difference in STR allele frequencies between haplogroups using a Fisher’s 




If the Mississippi River restricts gene flow, then estimated rates of migration among populations 
should be greater alongside the river than across it.  Additionally, migration should be principally 
detected in the direction of the putative passive-transfer event.  We used two different non-
equilibrium methods to estimate recent asymmetrical immigration rates among populations.  We 
first applied the Bayesian assignment test algorithm implemented in BayesAss+ ver1.3 (Wilson 
and Rannala 2003) to estimate rates for each triplet of sites (cis, trans, and control) at northern, 
central, and southern localities as well as for parental sites.  For each analysis, a Markov chain 
was allowed to sample for three million generations, saving every 2,000th step, and the first 
million iterations were removed to allow for stationarity of the sampler to be reached.  
Convergence of the Markov chain was assessed by repeating independent analyses at least six 
times.  We also utilized the program BIMr (Faubet and Gaggiotti 2008) which differs from 
BayesAss+ in that it assumes that samples were taken before rather than after migration has 
taken place.  This allows the algorithm to effectively estimate migration rates even when they are 
relatively high (Faubet and Gaggiotti 2008).  Six independent chains were initially run for 50,000 
burnin samples, followed up with 50,000 samples collected using a thinning interval of 50.   
As a comparison to recent estimates of gene flow, we also estimated the effective number 
of migrants per generation (Nm) among pairwise populations using the private alleles method 
implemented in GENEPOP ver3.4 (Raymond and Rousset 1995), which assumes an infinite 
island model of migration and quasi-equilibrium within populations (Barton and Slatkin 1986).   
Distribution of Private Alleles 
The proportion and distribution of rare alleles within populations can yield information about the 
level of distinctiveness and connectivity among populations (Neel 1973; Slatkin 1985) as well as 
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the direction of migration (Kennington et al. 2003).  We utilized mixed logistic regression to test 
whether unique alleles in the two parental populations are distributed along the Mississippi River 
in a way consistent with expectations derived from riverine barrier and oxbow-transfer 
hypotheses.  Given the large number of rare alleles inherent in STR data, we isolated those 
alleles that we predicted would be the most informative.  Out of 79 total alleles (among the 13 
loci) recovered in one parental population but not the other, 16 had a ≥15% prevalence within 
their respective parental populations, a proportion that we considered sufficiently diagnostic of 
either parental population give our limited sample sizes.  Of these 16 alleles, six (from 
independent loci) were prevalent throughout the dataset at ≥10% frequency (culled to ensure a 
large enough sample size per allele) and were used, along with the cytb dataset (scored as bi-
allelic), in the regression analysis.  We used the proportion of individuals in a sample in 
possession of a private allele as the response variable in the model and a binary fixed predictor 
variable describing whether a sample was on the-same-side-of or across-from a particular allele’s 
parental population of origin.  In separate analyses, the predictor variable (“side-of-the-river” 
relative to the originating population) was coded, in turn, based on the historical (pre-cutoff) and 
current (post-cutoff) path of the Mississippi River.  Analyses were also performed for each locus 
separately, as well as with and without cytb and with and without cis-oxbow populations 
included.  Latitude (northern, central, and southern oxbows) and allele (seven groups) were 
incorporated into the model as random effects based on significant improvement in model fit 






No significant between-site differentiation was detected for multiple samples within cis, trans, 
and control localities using AMOVA (P > 0.05), and thus they were combined for analysis.  The 
genotype error rate was 0.0096 errors per reaction for the set of samples randomly re-genotyped.  
These errors were due to mistakes in scoring rather than to allelic dropout.  No genotype 
mismatches were observed for the 76 samples non-randomly re-genotyped, which, when 
combined with the set of randomly re-genotyped reactions, yields a total genotype error rate of 
0.0070 errors per reaction.   
Population Structure 
Average FIS values for these sites are all positive, ranging from 0.11 to 0.26, indicating a 
pervasiveness of heterozygote deficiency.  Pairwise tests of significance for this deviation from 
HWE across loci and populations were significant in 42 out 143 total tests, involving eight of the 
13 loci and all sites (after a Bonferroni correction for multiple tests).  Given that we have 
sampled within the putative contact zone between two genetically distinct populations, a 
Wahlund effect produced by the co-occurrence of unique gene pools within sampling sites is a 
likely reason for the observed disequilibrium.  This is supported by the observation that the 
western “parental” site, the site furthest from the river, exhibits the least amount of 
disequilibrium (Table 5.1).  Null alleles (Pemberton et al. 1995) due to mutations in flanking 
DNA regions are not likely the major cause of the observed disequilibrium given that all loci 
were developed specifically for S. lateralis and that the majority of loci used exhibit some degree 
of heterozygote deficiency, a pattern more parsimoniously attributed to one evolutionary process 
(genuine disequilibrium) than to many (artifactual disequilibrium; Dakin and Avise 2004).  FIS at  
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Table 5.1.  Average diversity indexes across 13 STR loci for nine sample sites along the 
Mississippi River and two “parental” sites away from the river.  Sample site locality numbers 
(Loc.#) correspond to those in Figure 5.2 and Appendix E.  N=sample size, AN=allele number, 
AR=allelic richness, AR*=allelic richness adjusted for unequal sample size, HE=Nei’s unbiased 
gene diversity (expected heterozygosity), and H0= observed heterozygosity.    
 
Site Loc. # N AN AR AR* HE H0 FIS 
northcis 11-12 30 12.0 8.48 6.50 0.839 0.676 0.213 
northtrans 13 22 10.5 8.04 6.21 0.803 0.691 0.177 
northcontrol 10 29 12.2 8.74 6.64 0.848 0.678 0.215 
centralcis 8 28 11.8 8.19 6.35 0.818 0.708 0.137 
centraltrans 7 28 11.6 8.48 6.55 0.842 0.667 0.225 
centralcontrol 9 21 11.5 8.71 6.69 0.847 0.703 0.178 
southcis 3-4 25 11.5 8.54 6.52 0.847 0.702 0.191 
southtrans 1-2 25 11.8 8.59 6.49 0.842 0.667 0.207 
southcontrol 5-6 25 12.9 9.15 6.88 0.866 0.668 0.239 
parentalwest 13 15 9.3 8.02 6.16 0.836 0.754 0.113 
parentaleast 14 12 8.7 8.03 6.11 0.811 0.611 0.262 
 
one locus (P2G08) remains significantly positive in the western parental site, and as a precaution, 
was excluded from further analysis.  No significant genotypic disequilibrium was detected 
among loci after a Bonferroni correction and average genetic diversity was quite high (Table 
5.1). 
 Pairwise divergence measured using metrics FST, G’ST, and Dest were proportionally 
similar and the fraction of unique variation among sites compared at northern and central (but 
not southern) oxbows was significant when tested using AMOVA (Table 5.2).  Divergence 
between central and southern sites on the same side of the river was not significant and was 
lower than or comparable to central and southern across-river site comparisons, respectively.  
Divergence between northern and southern or northern and central along-river sites was 




Table 5.2.  Metrics of relative genetic divergence for pairs of sites alongside and across the 
Mississippi River performed as shown in Figure 5.1 for all three oxbow localities.  North, 
central, and south localities involve across-river comparisons (relative to the current or historical 
channel) while west and east localities involve alongside river comparisons.  For the northern 
locality, two cis sites (cis1 and cis2; see Figure 5.2) are considered separately and together (cis).  
Indexes were also calculated for Structure-inferred population comparisons (K=2, K=3, and K=2 
for northern, central, and southern localities, respectively; see Figure 5.3).  These were calculated 
first, by grouping samples simply according to highest probability assignment (“struct”) and 
second, by considering only those samples assigned to a population with a probability ≥ 0.8 
(“struct*”).  All FST values are significant unless underlined.       
 
Locality  site1  site2  FST  G'ST  Dest 
north  trans  control  0.037  0.194  0.181 
north  cis  control  0.014  0.108  0.101 
north  cis  trans  0.030  0.189  0.178 
north  cis1  control  0.033  0.231  0.220 
north  cis1  trans  0.046  0.300  0.286 
north  cis2  control  0.017  0.130  0.122 
north  cis2  trans  0.035  0.207  0.193 
north  cis1  cis2  0.036  0.277  0.262 
north  structwest  structeast  0.027  0.186  0.175 
north  structwest*  structeast*  0.071  0.382  0.358 
central  trans  control  0.017  0.137  0.129 
central  cis  control  0.028  0.182  0.169 
central  cis  trans  0.028  0.188  0.177 
central  structwest  structeast  0.030  0.195  0.181 
central  structwest*  structeast*  0.105  0.441  0.428 
central  structwest  structcentral  0.034  0.244  0.232 
central  structwest*  structcentral*  0.116  0.385  0.368 
central  structeast  structcentral  0.034  0.237  0.224 
central  structeast*  structcentral*  0.059  0.354  0.335 
south  trans  control  0.011  0.099  0.093 
south  cis  control  0.013  0.115  0.110 
south  cis  trans  0.008  0.044  0.040 
south  structwest  structeast  0.014  0.108  0.103 
south  structwest*  structeast*  0.057  0.339  0.322 
west  northcontrol  centraltrans  0.029  0.169  0.157 
west  centraltrans  southtrans  0.012  0.106  0.102 
west  northcontrol  southtrans  0.031  0.169  0.158 
east  northtrans  centralcontrol  0.044  0.241  0.224 
east  centralcontrol  southcontrol  0.005  0.079  0.075 
east  northtrans  southcontrol  0.038  0.237  0.218 
parental  west  east  0.078  0.365  0.347 
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central latitudes (with eastern along-river divergence trending higher than western along-river 
divergence; Table 5.2).  
 If lizards were recently transported across the river due to meander cutoff at the three 
oxbow sites, then S. lateralis at cis sites should have a closer genetic affinity to S. lateralis across 
the river (at control sites) than on the same side (at trans sites).  In the north, when the Lake 
Washington and Swan Lake cis sites (called cis1 and cis2, respectively) are combined, genetic 
differentiation is lowest between cis and control sites as expected, although when cis sites are 
treated separately, cis1 becomes the most genetically distinct site in all comparisons (Table 5.2).  
At the central and southern localities, trans-control and cis-trans comparisons exhibited the 
lowest genetic differentiation, respectively.   
 Partial Mantel tests where genetic distance, geographic distance, and side-of-the-river 
matrices were regressed supported a significant correlation between genetic and geographic 
distance (for both cytb and STR loci), but did not support a relationship between genetic distance 
and the river for STRs and marginally did or did not support a river effect for cytb, depending on 
whether cis sites were assigned to groups based on the historical or current path of the river, 
respectively (Table 5.3).  
 For the complete dataset, K=3 populations is best supported (in accordance with the ΔK 
statistic; Evanno et al. 2005).  However, here, structure across the river is obscured by 
structuring north to south and by a distinct cluster inferred for the centralcis site (results not 
shown).  For separate analysis of northern, central, and southern localities (each including the 
two parental populations), ΔK peaked at K=2 and K=3 for northern and central analyses, 
respectively, while K=1 produced the highest log-likelihood in southern analyses.  When K=2 is 
imposed on the three datasets, a general pattern is inferred where samples within parental  
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Table 5.3.  Pearson’s correlation coefficients (r) calculated from partial Mantel tests carried out 
for samples distributed on both sides of the Mississippi River (not including parental sites).  
Matrices used include genetic distance (Dgen), geographic distance (Dgeo), and location of 
samples relative to the river.  Correlations between two matrices account for the third matrix.  
Significance of coefficients was assessed using permutation tests and p-values are provided. 
 
  Cytb Microsatellites 
Matrices Current Historical Current Historical 
r p r p r p r p 
Dgen x Dgeo 0.411 0.0006 0.443 0.0003 0.228 0.0016 0.234 0.0022 
Dgen x river 0.146 0.0757 0.225 0.0355 -0.001 0.4668 0.001 0.4332 
 
populations are predominately assigned to one of the two clusters whereas the intermediary (non-
parental) sites near the river are composed of more mixed ancestry (Figure 5.3a).  In the north 
and south, this yields a transition from one dominating cluster to the other inferred west to east, 
where, in the north, this cline is relatively sharp near the river (from control to trans sites) but 
much more gradual in the south (with only a slight cline near the river).  In both cases, control 
sites comprise a lower proportion of inferred migrant ancestry than cis or trans sites, as expected 
under the oxbow-transfer hypothesis.  The central pattern is more puzzling in that the trans site 
west of the river is more dominated by eastern ancestry and the control site east of the river is 
more dominated by western ancestry.  K=3 however yields a better fit to the data, where the cis 
samples are predominately assigned to an additional population (Figure 5.3b).  Grouping samples 
according to Structure-inferred population assignment does not produce qualitatively increased 
estimates of divergence over geography-based groupings unless only samples assigned with ≥0.8 
posterior probability to clusters are considered, in which case levels of divergence are similar to 
those observed between parental sites (Table 5.2).  
   For cytb, two major lineages were reconstructed which are separated by an average 






Figure 5.3.  Population assignment based on Bayesian clustering performed using Structure.  
Separate analyses were carried out for northern, central, and southern sites (parental sites were 
included each time). a. K=2 is imposed on all three datasets b. K=3 is imposed on the central 
dataset.  Black lines separate sites which are sorted west to east (PW and PE = western and eastern 
parental populations, respectively).  Vertical bars represent individuals, each colored in 
proportion to probability of assignment to a population (denoted by differing shades of grey) and 
are sorted based on assignment probability.  Overall proportion of inferred assignment to 




comprised of eastern and western haplogroups, respectively.  To different extents, sites near the 
river transition toward higher proportions of eastern haplotype from west to east and vice versa 
(Figure 5.2).  Control sites contain a lower proportion of migrant haplotypes than cis and trans 
sites, as expected if meander cutoff plays a role in transfer across the river. 
Cytonuclear Disequilibrium 
We recovered little evidence for an association between genotypic variation in STRs and cytb 
haploclades distributed within or among sites.  AMOVAs performed for sample STRs grouped 
according to haploclade membership were not significant for any site or group of sites analyzed 
after a Bonferroni correction.  When these same groups were analyzed using a Fisher’s exact 
test, two loci (P2-E08 and P1-08) were significantly divergent at site northcis and one locus each 
was significantly divergent in northtrans (P1-26), southcis (P1-08), and northeast (P1-76) 
groupings.  These same groups plus the north group were also significant for an exact test 
combining all loci, although the significance for northcis, northtrans, and southcis disappeared once 
the significant loci were removed from the analysis.  Northeast and north retained their 
significance, but the effects of subdivision on these tests cannot be ruled out. 
Migration Rates 
Asymmetrical migration rates estimated using BIMr were consistent among the six independent 
runs suggesting that convergence of the Markov chain had been reached.  Highest posterior 
density intervals (HPDI) around mean estimates are generally wide and we consider estimates to 
significantly differ when the mean of one estimate does not fall within the HPDI of the other.  If 
samples at cis sites originated from across the river, we would expect to recover asymmetrical 
migration rate estimates, where most migrant genotypes are found within cis sites.  For BIMr 
estimates, in all three cases, mean rates trend higher from control → cis sites, although the 
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difference is only significant in the south (Table 5.4).  Rates also trend higher from control → 
trans in the north and south (significantly) than vice versa.  Migration rates between sites along 
the river are comparable to those across the river, with north → south estimates trending larger 
than south → north for samples west of the river (significant in two out of the three 
comparisons), but not east. 
Analyses using BayesAss+ converged upon qualitatively similar estimates for 
independent runs involving northern and central sites, but generally not for runs involving 
southern sites, likely due to relatively high rates of migration and low levels of divergence 
evident among southern sites, which have been found to pose problems for the method, which 
imposes a non-immigration limit of 66% (Faubet et al. 2007).  We therefore only report mean 
estimates and confidence intervals for analyses excluding southern sites (Table 5.4).  In the 
north, estimates from BayesAss+ support increased migration control → cis, as found using 
BIMr.  However, for the central locality, asymmetrical migration was supported, but in the 
opposite direction inferred previously, with cis → control (as well as trans → control) rates 
being the highest.  Confidence intervals are wide for most estimates, although they usually (but 
not always) differ from simulated estimates obtained using uninformative data (m = 0.084; CI = 
0.0013-0.26), suggesting that these data can adequately inform rates of immigration (Wilson and 
Rannala 2003).  This is further supported by a lack of estimate sensitivity to the prior placed on 
migration (a range of values were tried between 0.01 and 0.2).   
Nm estimates were highest control ↔ cis and lowest control ↔ trans for northern and 
central localities, but not for southern localities (Table 5.4).  Mean Nm estimates among sites 
along the river (2.7) are lower than for sites across the river (3.3).   
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Table 5.4.  Mean asymmetrical migration rate estimates from two methods are given for pairs of sites alongside (east and west) and 
across (north, central, and south) the Mississippi River.  Estimates of Nm are also provided and were calculated for each pair of sites 
from the frequency of private alleles.  Comparisons involving southern sites are not included from the BayesAss+ analysis given 
exceedingly high rates of migration in the south which violates the model.  Lower and upper 95% highest posterior density intervals 
(BIMr) and confidence intervals (BayesAss+) are provided for each estimate (referred to as “CI” for both methods).  Rates in one 
direction are considered to be significantly different from rates in the other direction if the mean of one estimate falls outside the 
confidence limit of the other (these estimates are indicated with †). 
 
      BIMr BayesAss+   
Locality site1 site2 m1→2 CI-L CI-U m2→1 CI-L CI-U m1→2 CI-L CI-U m2→1 CI-L CI-U Nm 
north control trans 0.061 0.000 0.323 0.014 0.000 0.098 0.021 0.001 0.079 0.012 0.000 0.043 3.059 
north control cis 0.200 0.000 0.523 0.035 0.000 0.210   0.145† 0.067 0.227 0.027 0.000 0.085 3.359 
north cis trans 0.032 0.000 0.206 0.034 0.000 0.138 0.018 0.007 0.069 0.012 0.000 0.042 3.242 
central control trans 0.015 0.000 0.123 0.026 0.000 0.196   0.012† 0.000 0.047   0.156† 0.020 0.304 2.776 
central control cis 0.092 0.001 0.345 0.022 0.000 0.162 0.016 0.000 0.060   0.067† 0.010 0.163 3.616 
central cis trans 0.010 0.000 0.080 0.073 0.001 0.247 0.051 0.001 0.132 0.045 0.003 0.124 2.964 
south control trans   0.327† 0.052 0.604   0.020† 0.000 0.139 -- -- -- -- -- -- 3.911 
south control cis   0.215† 0.013 0.508 0.023 0.000 0.144 -- -- -- -- -- -- 3.841 
south cis trans 0.281 0.007 0.676 0.353 0.034 0.669 -- -- -- -- -- -- 3.114 
west northcontrol centraltrans 0.011 0.000 0.087 0.003 0.000 0.028 0.054 0.004 0.137 0.017 0.000 0.067 2.592 
west centraltrans southtrans   0.139† 0.002 0.416 0.016 0.000 0.132 -- -- -- -- -- -- 2.402 
west northcontrol southtrans   0.109† 0.003 0.297 0.003 0.000 0.030 -- -- -- -- -- -- 3.106 
east northtrans centralcontrol 0.022 0.000 0.120 0.028 0.000 0.195   0.043† 0.001 0.123 0.010 0.000 0.042 2.040 
east centralcontrol southcontrol 0.042 0.000 0.274 0.167 0.000 0.696 -- -- -- -- -- -- 3.409 
east northtrans southcontrol 0.013 0.000 0.065 0.029 0.000 0.206 -- -- -- -- -- -- 2.929 




Distribution of Private Alleles 
Mixed logistic regression supports the prediction that alleles private to one of the two parental 
populations will be more common on their native side of the river (i.e., where an allele is 
sampled on the same side of the river as its population of origin) than across from it.  When cis 
sites are defined as “native” or “non-native” in respect to an allele’s origin based on the current 
(post-cutoff) river channel, private alleles are 1.29 times (SE = 1.17 – 1.43, z = 2.58, P = 0.01) 
more common on their native versus non-native side of the river (Figure 5.4).   When the 
historical (pre-cutoff) river was assumed, private alleles were even more (1.42 times) likely to be 
found on the native side of the river (SE = 1.30 – 1.57, z = 3.60, P < 0.001) and model fit was 
improved (ΔAIC from historical to current classification = 6.3; Figure 5.4).  This improvement 
in model fit with historical classification was reduced however when cytb was removed from the 
dataset (ΔAIC = 0.4).  When cis sites were excluded, the difference in the proportion of private 
alleles between native and non-native sites was even greater: native sites contained 1.57 times 
(SE = 1.39 – 1.78, z = 3.76, P < 0.001) the private alleles of non-native sites.  Qualitatively 
similar results were observed when analyses were repeated using STR alleles only (P < 0.05 for 
all tests).  Analyzing each locus individually, we found that private alleles are significantly more 
prevalent on the native side of the river for cytb (P < 0.001; except when the current river 
channel is assumed).  For STR loci, all alleles except for str1 (all three groupings), str5 
(historical grouping only) and str6 (current grouping only) are estimated to occur in higher 
proportions at native sites (Figure 5.5), although none of these estimates are significant after a 
Bonferroni correction, suggesting that sampling may simply be insufficient to statistically verify 









Figure 5.4.  The combined estimated proportion of six common STR alleles and one cytb allele, 
private in parental populations, on the-same-side-as versus across-from the parental population 
of origin based on mixed logistic regression.  The analysis was repeated where the current and 
historical paths of the river were assumed, in turn (where cis sites were simply moved across the 
river for the historical analysis).  We also repeated the analysis after cis sites were removed from 
the dataset.  Results are indicated for STR and cytb loci combined and for STR loci alone. 
Standard error bars are featured for each estimate.  The estimated proportion of alleles was 



















Figure 5.5.  The estimated proportion of six common STR alleles (light grey) and one cytb allele 
(dark grey), private in parental populations, on the-same-side-as versus across-from the parental 
population of origin based on logistic regression carried out for each allele separately.  The 
model estimates for each allele are featured from three separate analyses: 1) where the historical 
(pre-oxbow cutoff) versus 2) current (post-oxbow cutoff) river channel was assumed and 3) 
where cis sites were removed from the dataset.  Alleles showing a significant proportional 
increase (p-values < 0.05) on the native versus non-native side of the river are noted with an 
asterisk (one or two asterisks if significant before or after a Bonferroni correction, respectively) 
and if the estimate is higher in native versus non-native sites (regardless its significance), the 











Isolation and Migration across the Mississippi River 
Previous work for S. lateralis has provided evidence of genetic fragmentation across the 
Mississippi River at multiple loci that cannot be explained by isolation by distance, in spite of 
potential ongoing gene flow between populations (Jackson and Austin 2010).  In this study, we 
have sampled several sites within the Lower Mississippi River Valley to investigate the current 
importance of migration across the river, whether genetic discontinuity can be detected between 
proximate populations across the river, and whether meander cutoff is one mechanism by which 
migration across a riverine barrier can be facilitated.   
We find that divergence across the river is relatively low and migration across the river is 
relatively high, both comparable to that inferred among sites on the same side of the river, albeit 
at reduced geographical distances.  The high level of migration inferred across the river is 
surprising given the apparent importance of rivers as isolating barriers for S. lateralis throughout 
their range (Jackson and Austin 2010).  In addition, multiple lineages within other vertebrate taxa 
that have been isolated by the Mississippi River tend to show high fidelity to the expected side of 
the river, with dispersal being rare, even when sampled near the delta (reviewed in Soltis et al. 
2006; Pyron and Burbrink 2010).  Pyron and Burbrink (2010) calculated the probability of 
dispersal across the Mississippi River to be 0.057 using the distribution of lineages from nine 
phylogeographic studies.  However, most of these studies have not focused on dense sampling 
near the river and may thus be insufficient guides to the extent of migration directly occurring 
across this riverine barrier in spite of divergence across it.  The STR immigration rates estimated 
here using BayesAss+ and BIMr likely represent overestimates of gene flow however, given that 
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they measure non-effective migration, irrespective of migrants’ reproductive contribution to the 
non-native gene pool (Broquet et al. 2009).    
In spite of migration, genetic structure, although weak, can be detected across the river 
using STR loci.  From Bayesian clustering, at least two distinct groups are supported at the 
northern and central localities and support for these clusters doesn’t disappear when the parental 
populations are removed from the analysis (results not shown).  At the northern and southern 
localities, inferred clines of ancestry transition around the Mississippi river and, in the north, 
although the geographic distance between control and trans sites represents only ~10% of the 
total separating parental populations, it spans ~67% of the total ancestral cline (Figure 5.3), 
suggesting that the river is an important dispersal barrier.  In addition, alleles private to one or 
the other parental population are more likely to be found on their native side of the river.   
The development or retention of genetic divergence in the face of ongoing gene flow has 
been reported, although usually in conjunction with selection (Gavrilets 2003; Postma and van 
Noordwijk 2005; Niemiller et al. 2008; Li et al. 2010) or small population sizes (Gavrilets et al. 
2000; Tatarenkov et al. 2010) where deterministic or stochastic effects can dominate the 
homogenizing effects of gene flow (Slatkin 1987).  These forces however do not appear to be 
major contributors to the maintenance of population divergence in S. lateralis. Large effective 
population sizes have been estimated for S. lateralis populations previously (Jackson and Austin 
2010).  Also, current and past patterns of vegetation and climate suggest that the Mississippi 
River Valley does not delineate an ecological transition (Jackson et al. 2000; Haywood et al. 
2001).  Additionally, previous analysis of S. lateralis sampled at the Mississippi River Delta, 
where abundant channel switching has likely weakened its barrier effect (Kolb and Van Lopik 
1966), reveals a correspondingly wider contact zone between divergent groups (Jackson and 
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Austin 2010), in accordance with neutral expectations (Endler 1977; Arnold 1994).  Apparently-
random mating among mtDNA lineages in sympatry also suggests that any disequilibrium 
present is largely due to vicariant rather than reproductive isolation (Arnold 1993).   
Isolation-by-distance (IBD) patterns can produce the appearance of a genetic 
discontinuity between samples (Neigel and Avise 1993), especially when combined with a 
ribbon of relatively low population density (such as the Mississippi flood plain).  This is thought 
to be sufficient to generate deep mtDNA fragmentation, even in the face of abundant gene flow 
(Irwin 2002; Kuo and Avise 2005).  While the effects of IBD cannot be entirely ruled out 
without more detailed east-west transect sampling and cline analysis, the general agreement 
between mtDNA and nuclear DNA on geography of fragmentation (Kuo and Avise 2005; 
Jackson and Austin 2010) and the relatively sharp cline around the river observed in the north 
does suggest an important barrier effect for the river.  The detection of IBD, but not a river 
effect, using a Mantel test does support the IBD hypothesis, although that we tested a low 
number of sites (Jenkins et al. 2010) from a geographically-small region (Hutchison and 
Templeton 1999)—and from localities along the river that we expected to yield particularly high 
rates of recent migration—may in part contribute to this pattern.  In addition, IBD was not 
detectable within the eastern and western populations when tested previously on a broader scale 
(Chapter 4), calling into question the ability of IBD to alone explain the divergence. 
Divergence in the face of gene flow between parapatric populations can also result when 
the divergence principally occurs in allopatry, followed by (cycles of) post-divergence gene flow 
upon secondary contact.  This could result in non-equilibrium conditions at the region of contact 
(as inferred here) coupled with currently significant levels of gene flow at the boundary.  
Dynamism of the Mississippi River in response to climatic and geomorphological factors is 
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consistent with a history of varying levels of isolation and dispersal between populations on 
opposite sides of the valley.  It is thought that throughout cycles of waning Plio-Pleistocene 
glaciation, significant alluviation along a wide network of braided streams expanded the 
Mississippi River Valley, possibly bolstering the isolating force of the river (Autin et al. 1991; 
Saucier 1996).  The single meandering channel presently bisecting the valley may comprise the 
latest in a cyclical series of such channels where impermeability of the river has been relaxed, 
potentially due in part to channel migration inherent in the meander belt system. 
Oxbow-Mediated Migration 
Many other dispersal-limited taxa showing evidence of long-term isolation due to the Mississippi 
River also exhibit some mismatches between expected and observed ancestry inferred for 
samples given their geographic origin (Burbrink et al. 2000; Moriarty and Cannatella 2004; 
Howes et al. 2006; Lemmon et al. 2007b; Gamble et al. 2008; Douglas et al. 2009; Makowsky et 
al. 2009; Makowsky et al. 2010) while other taxa show little current genetic correlation with the 
Mississippi Valley (Starkey et al. 2003; Zamudio and Savage 2003; Austin et al. 2004; 
Fontanella et al. 2008; Guiher and Burbrink 2008).  Blurring of lineage boundaries toward the 
northern portions of the river (eg., Austin et al. 2002; Austin et al. 2004; Lemmon et al. 2007b; 
Burbrink et al. 2008; Douglas et al. 2009) could be due to a predicted reduction of riverine 
barrier effects nearer headwaters (Haffer 1992) while blurring of lineages at the river delta (eg., 
Burbrink et al. 2000; Lemmon et al. 2007b; Fontanella et al. 2008; Douglas et al. 2009; 
Makowsky et al. 2009; Makowsky et al. 2010) could result from a recent history of heightened 
channel dynamism near the coast (Saucier 1994).  In this study we have sampled S. lateralis 
populations intensively along the Lower Mississippi River in order to test the ability of another 
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feature of rivers—meander cutoff—to contribute to the apparent permeability of the river to 
many taxa distributed on both sides.    
Several lines of evidence do support enhanced migration of S. lateralis due to meander 
cutoff, although this evidence is somewhat limited in scope (due to weak or inconsistent effects 
or to lack of statistical power) and can at times be confounded with other historical processes, 
which highlights the difficulty of implicating recent riverine phenomena as contributors to 
population genetic patterns.  The distribution of two cytb haplogroups in relation to the three 
oxbows sampled is generally consistent with an oxbow effect, which predicts a higher proportion 
of migrant genotypes at oxbow sites relative to control sites (found at all three sites) and at cis 
sites relative to trans sites (found at northern and central cites; Figure 5.2).  The distribution of 
ancestry inferred for STR loci using Structure are consistent with these patterns for northern and 
southern localities (Figure 5.3a).  The apportionment of cytb haplogroup membership along the 
river (when all samples are considered) is also consistent with a recent oxbow-facilitated 
transfer: fit of a logistic regression model was improved when cis samples were grouped with 
control samples across the river and removal of cis sites from the model increased effect size.  
Similar but weaker effects were observed for STR loci alone. 
The best supported structure for the central locality also invokes a third cluster largely 
isolated to the cis site (Figure 5.3b). That the centralcis site is the most geographically isolated 
(the southern tip of Lake St. John still abuts against the levee of the river; Figure 5.2) is 
consistent with enhanced divergence due to genetic isolation of a small population (also 
indicated by higher G’ST and Dest values for central site comparisons involving centralcis; Table 
5.2).  Similarly, the next most isolated cis site, northcis1, is the most divergent site at the northern 
locality, with pairwise site comparisons involving cis1 also consistently yielding the highest G’ST 
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and Dest values (Table 5.2).  Given that these cis oxbow sites are less isolated now than they have 
ever been since the meander cutoff event (and given that gradual transition of riverine flanks into 
terrestrial habitat can take centuries; Gagliano and Howard 1983) and that some time is required 
since isolation for genetic drift to modify allele frequencies, observed divergence at cis sites 
suggests that they largely comprise individuals transferred across the river.  If native skinks were 
able to invade cis oxbow habitat sufficiently soon after a cutoff event as to permit time for 
genetic divergence to take place, then presumably migration into and out of the site would be 
free enough to impede divergence in the first place.  That cis divergence is not observed in the 
south may result from a more recent cutoff whose separation from the river was artificially 
hastened by anthropogenic levee construction (Gagliano and Howard 1983) facilitating freer 
genetic exchange with the native population early on.  Thus, when allowed to progress according 
to their natural path of succession, in addition to being allele transporters, meander cutoffs may 
act as factories of genetic novelty by sequestering small groups of individuals only to be 
introduced into the wider population once a migration path into native habitat is established.   
The polarity of immigration rates inferred using assignment methods are generally 
consistent with enhanced rates of exchange in the direction of putative oxbow transfer (Table 
5.4).  The directional bias in migration is particularly evident in the southern locality, possibly 
resulting from a more recent transfer event.  The migration scenario proposed under the oxbow 
transfer-hypothesis (one whole-sale transfer event hundreds of generations in the past) does not 
precisely match the migration model assumed in the assignment methods (partial-transfer over 
the past few generations) and it’s not clear how this violation will affect estimates without a 
simulation analysis.  However, although specific mean rates inferred should thus be regarded 
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with great caution, it is uncertain why this model violation would produce a bias generally in the 
direction predicted. 
Limitations on Inference 
The Lower Mississippi River has undergone extensive modification throughout its recent history 
which can compromise our ability to interpret some population genetic patterns.  For instance, 
the Mississippi River meander belt has shifted several times throughout the Holocene which may 
have lead to genetic patterns that can be confounded with expectations from recent migration due 
to meander cutoff.  It is currently thought that throughout much of the Holocene, flow of the 
Mississippi River was shared among two or more meander belts (as main channel plus major 
distributaries), a general rule to which the single wide channel presently occupied by the river is 
an exception (Saucier 1994, 1996).  One such ancient meander belt, lying in the Yazoo Basin 
~70 km east of the current channel near Lake Washington (the northern locality), was likely an 
important distributary channel to the main course until as recently as  3,000 years before present 
(ybp) and likely contained the main trunk of the river as recently as 8,000 ybp (Saucier 1994, 
1996).  In addition, a channel within Tensas Basin (~15 km west of the central oxbow, Lake St. 
John) is thought to have carried a significant proportion of the Mississippi River Valley flow 
approximately 3,000 to 5,000 ybp (Autin et al. 1991).  Lastly, the Mississippi River Delta 
(beginning at the confluence of the Red and Mississippi Rivers about 50 km north of Baton 
Rouge, LA) has frequently shifted channels since the last glacial maximum (Kolb and Van Lopik 
1966; Frazier 1967).  Most relevant to the southern sample site near False River is a ~70 km shift 
from the Bayou Teche channel eastward to near its current position ~3,000 to 6,000 ybp (Frazier 
1967; Autin et al. 1991; Kesel 2008).  Thus, in the recent past, the positions of all three of our 
sampling localities were shifted with respect to the main channel in a direction that places the 
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oxbow lakes on the opposite side of the river.  If a genetic signature from these ancient channels 
remains, it would be expected to favor the observation of fewer migrants in control versus trans 
populations (as is expected under the oxbow-transfer scenario).  This could also have contributed 
to the dominance of eastern cytb haplotypes observed in the central (particularly) and southern 
localities (which are somewhat mirrored in the STR loci by a slight bias toward eastern ancestry; 
Figures 5.2-5.3) as well as the generally high degree of gene flow inferred across the current 
river. 
  Ancient channel switching however would not be expected to produce asymmetrical 
migration rates in the direction of cis sites or heightened divergence within ancient meander 
loops.  Also, for the northern locality, the observed genetic cline appears to be centered around 
the current channel, suggesting that, in this case, any genetic effect of the more eastern course 
has largely been erased.  Potential remnant effects due to riverine dynamics underscore the 
difficulty of attributing fine-scale population genetic patterns to specific riverine phenomena 
given the labile nature of river systems in response to external environmental factors.  One way 
forward may be to increase the number of replicate oxbows sampled along a stretch of river 
assumed to be shaped by a similar historical event, with care taken to sample several oxbows on 
opposite sides of the river.  The Lower Mississippi River north of Memphis, TN may also prove 
a fruitful region for assessing meander migration effects due to its presumed occupation of a 
single meander belt throughout the Holocene (Saucier 1994).  Although it may be more difficult 
to pinpoint the effects of a particular meander cutoff event given the heightened rate of oxbow 
formation in this region (Saucier 1996), some segments have experienced asymmetrical patterns 
of oxbowing, where most cutoffs have occurred on a single side of the river, such that patterns of 
asymmetrical migration across the river would be expected to be stronger and less ambiguous.   
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Even if meander migration is currently an important contributor to population cohesion 
across rivers, its long-term effects on the structuring of populations are dependent upon the 
dominance of a meander belt system throughout the history of the Mississippi River Valley.  
However, the likelihood of this is unclear.  The formation of the current meander belt complex is 
thought to postdate the most recent glacial cycle (Autin et al. 1991; Kesel 2008) being preceded 
by a web of braided streams that extended throughout the valley by which glacial load was 
transported during cycles of waning Quaternary glaciation (Autin et al. 1991; Saucier 1994; 
Smith 1996; Blum et al. 2000).  The population genetic effects unique to meandering river 
systems thus likely arise intermittently, contingent upon the geomorphological and climatic 
factors that facilitate the formation of a stable meandering regime.   
In addition, over the past century, humans have extensively modified the Mississippi 
River Valley (in the form of dredging, tributary alteration, and the construction of artificial 
cutoffs, dikes, levees, and revetments) in an attempt to design and maintain a single permanent 
channel (Baker et al. 1991; Benke and Cushing 2005).  Thus, inasmuch as channel dynamics 
such as channel switching, load sharing among multiple channels, and meander migration 
currently contribute to the connectivity of populations and lineages on opposite sides of the river, 
the long-term effect of the past 100 years of engineering may be to sever this connection.  
Understanding the nature of riverine barrier permeability to natural populations can thus enable 
us to better predict the long-term consequences of river modification on organismal diversity.  
Regardless whether channel switching or meander cutoff are responsible for the specific gene 
flow we detect here, it is clear that river dynamics may be an important and underappreciated 




CHAPTER 6: CONCLUSIONS 
 
Understanding the mechanisms that promote and sustain biodiversity is a fundamental 
goal of biology.  This dissertation has explored in detail some of the evolutionary and 
environmental processes that have shaped geographical patterns of genetic diversity within 
populations of an abundant terrestrial species, S. lateralis, using multilocus sequence and 
microsatellite data.  This research has revealed a unique history of isolation and genetic 
fragmentation that has been counterbalanced somewhat by episodic gene flow.  Oscillating levels 
of isolation and migration appear to be, in part, regulated by climatic and geomorphological 
forces (themselves oscillating) that govern the relative strength of riverine barriers.  This study 
offers a nuanced view of the role that rivers play in species diversification, highlighting the 
contingencies inherent within their barrier effects. 
Most research regarding the potential influence of riverine barriers on patterns of 
diversity consider the isolating effects of rivers operating alone.  After generating a series of 
autosomal markers for use throughout the dissertation (described in Chapter 2), in Chapter 3, I 
investigated the possibility that an isolating effect from some rivers may depend upon a 
synergism between rivers and climate that culminates in a species distribution more prone to 
isolation by rivers under some conditions than others.  I found evidence of past fragmentation 
using both mtDNA (14 clades) and multilocus nDNA (seven populations) whose geographical 
distribution is well-predicted by major rivers.  The frequency of inferred fragmentation events is 
however higher near the coast where rivers are widest suggesting that rivers impose reduced 
impermeability further north.  In addition, patterns of diversity suggest that northern populations 
originate from relatively-recent dispersal from permanent southern habitat.  These results 
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indicate an historical sensitivity of S. lateralis populations to riverine barriers that is likely 
heightened when populations are restricted to refugial habitat during climatic cycles of aridity.   
These river-correlated patterns of diversity are most striking when mtDNA are assayed.  
In addition, while patterns of nDNA diversity are concordant with mtDNA diversity in many 
ways, relationships among nDNA populations are confounded by discordant history among loci 
and allele-sharing across populations due to incomplete lineage sorting and/or potential ongoing 
gene flow.  Thus in Chapter 4, I utilized a combination of recent analytical methods that are able 
to account for these confounding evolutionary processes while reconstructing the hierarchical 
population genetic structure among nDNA populations.  This required the performance of 
methods under a variety of assumptions in order to monitor their effects on parameter estimates.  
I found that many mtDNA clades are not supported by nDNA and that this discordance is 
primarily found among geographically-restricted clades near the Gulf Coast.  Coalescent species 
tree analysis recovered relationships among populations that are more concordant with mtDNA 
relationships than did hierarchical cluster analysis.  In addition, although ongoing gene flow 
among populations was detected by 1) inferring co-ancestry of samples near regions of 
population parapatry and 2) favoring a model of isolation-with-migration over allopatric 
divergence for most pair-wise comparisons, I found that the effects of this gene flow on 
divergence were less evident when parapatric samples were removed from the dataset, 
suggesting that recent gene flow upon secondary contact between allopatrically-divergent 
populations may be the dominant mode of diversification in this species. 
Given the apparent diversifying force that rivers impose on S. lateralis (coupled with the 
evident inability of that force to completely isolate populations), in the last empirical chapter of 
this dissertation, I explored the role of one prominent riverine characteristic inherent in large 
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meandering rivers—channel migration due to meander cutoff—in contributing to the breakdown 
of an otherwise formidable barrier to migration.  By analyzing microsatellite data from sites 
sampled near three oxbow lakes of the Lower Mississippi River, I tested predictions of meander 
cutoff-mediated dispersal.  I found that patterns of divergence and migration are generally 
consistent with these predictions, although, large errors associated with estimates and potential 
confounding effects from more ancient channel switching events indicate that additional 
sampling may further expand our understanding of the relative role of meander cutoff in 
population genetics.  This study emphasizes the importance of sampling intensively along 
putative migration barriers to understand the role of contemporary gene flow (which may wildly 
differ from levels of long-term gene flow) in maintaining population structure and of accounting 
for recurrent river dynamics that may intermittently counteract agents of divergence.  
This dissertation research has focused on the external forces that govern the relative 
strength of stochastic processes (i.e., the dominance of drift over gene flow) throughout the 
evolutionary history of S. lateralis.  However, other deterministic processes may also contribute 
to divergence in this species, particularly to the extreme fragmentation patterns evident in 
mtDNA.  Chromosomal mutations have been shown to play an important role in the speciation of 
lizards (Sites and Moritz 1987; Sites et al. 1992; Olmo 2005) and could contribute to a 
heightened degree of fragmentation observed in mtDNA relative to nDNA.  Skinks exhibit some 
of the highest documented rates of chromosomal mutation among reptiles (Olmo 2005) and 
within one S. lateralis population in central Texas (within mtDNA clade c; Figure 2.1), an 
apparently stable system of heteromorphic sex chromosomes has already been reported 
(X1X2Y♂ in central Texas versus X1Y♂ elsewhere; Wright 1973; Hedin et al. 1990).  If this 
type of mutation is common in S. lateralis and contributes to a higher fitness reduction in female 
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relative to male hybrids, mtDNA would introgress less than nDNA, resulting in the observed 
pattern.  Enhanced introgression of nDNA relative to mtDNA could also result from male-biased 
dispersal.  Although no sex-biased has been reported for S. lateralis, home ranges of males have 
been estimated to be 3.6 times larger those of females (Brooks 1967). 
The precise role of North American rivers in species diversification is still largely 
unknown.  Given that a number of major rivers appear to have influenced long-term dispersal 
patterns in S. lateralis, this species can act as a model system for future detailed research on the 
relative effects of various riverine features (e.g., width, flow, dynamism) on population cohesion 
as learned from comparing east-west and north-south sample transects from several rivers 
throughout the southeastern United States.  The influence of particular river characteristics will 
be elucidated by incorporating additional taxa that possess an array of life histories and dispersal 
capacities.  This region has undergone a complex geological and climatic history that has 
contributed to a rich species diversity.  This study offers a framework by which the details of this 
contribution can be investigated, leading us closer to an understanding of the ways in which 
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APPENDIX A: SAMPLES USED IN CHAPTER 3 
 
Most samples were collected from spring 2006 through summer 2008, although 43 were generously provided by museum collections.  
mt-h# = cytb haplotype number (same as those used in Figure 3.2), L# = locality number (same as those used in Figure 3.1 and 
Appendix B), and columns Cyt b through SELT = GenBank accession numbers, which all begin with the letters GQ.  All samples are 
S. lateralis except for H14810, which is S. gemmingeri  and H14674, which is Sphenomorphus cherriei.  Sample NDJ371 was not 
included in the cytb phylogenetic analysis and has not been issued a locality number, though its haplotype is known.  The origin of 
this sample is Erwinville, LA (30.52132N, -91.38959W).  
 
 
mt-H# L# Tissue #     field # Cyt b P1-18 P1-23 P1-58 P2-03 P2-07 P2-42 PRLR SELT 
1 1 NDJ603 CCA8450 450334 * * * * * * * * 
2 1 NDJ604 CCA8451 450492 450834 450897 450960 451023 451084 451146 450712 450772 
3 1 NDJ605 CCA8452 450493 * * * * * * * * 
4 1 NDJ606 CCA8453 450494 * * * * * * * * 
5 1 NDJ607 CCA8454 450495 450835 450898 450961 451024 451085 451147 450713 450773 
6 2 NDJ824 no voucher 450401 450817 450880 450943 451006 451068 451129 450695 450757 
7 2 NDJ820 CCA8560 450578 * * * * * * * * 
8 2 NDJ821 CCA8561 450579 * * * * * * * * 
9 2 NDJ822 CCA8562 450580 450856 450919 450982 451045 451105 451168 450734 450793 
10 2 NDJ823 CCA8563 450581 * * * * * * * * 
11 3 NDJ830 CCA8564 450582 * * * * * * * * 
12 3 NDJ832 no voucher 450402 450818 450881 450944 451007 451069 451130 450696 450758 
12 3 NDJ833 no voucher 450449 * * * * * * * * 
13 3 NDJ834 no voucher 450450 * * * * * * * * 
14 3 NDJ831 CCA8565 450583 * * * * * * * * 
15 4 NDJ811 no voucher 450400 * * * * * * * * 
16 4 NDJ807 CCA8556 450574 * * * * * * * * 
17 4 NDJ808 CCA8557 450575 450854 450917 450980 451043 451103 451166 450732 450791 
18 4 NDJ806 CCA8555 450573 * * * * * * * * 
18 4 NDJ809 CCA8558 450576 * * * * * * * * 
19 4 NDJ810 CCA8559 450577 450855 450918 450981 451044 451104 451167 450733 450792 
20 5 NDJ599 CCA8446 450333 * * * * * * * * 
21 5 NDJ600 CCA8447 450490 450832 450895 450958 451021 451082 451144 450710 450770 
22 5 NDJ601 CCA8448 450491 450833 450896 450959 451022 451083 451145 450711 450771 
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22 7 TNHC65580 no voucher 450591 * * * * * * * * 
22 7 TNHC65581 no voucher 450592 * * * * * * * * 
23 6 CCA1008 no voucher 450313 * * * * * * * * 
24 7 TJL1384 no voucher 450593 * * * * * * * * 
25 8 TNHC53239 no voucher 450590 * * * * * * * * 
26 9 UTA-R56293 no voucher 450668 * * * * * * * * 
27 10 NDJ840 no voucher 450451 450826 450889 450952 451015 451077 451138 450704 * 
28 10 NDJ839 no voucher 450403 450819 450882 450945 451008 451070 451131 450697 450759 
29 11 NDJ617 CCA8455 450335 * * * * * * * * 
30 11 NDJ618 CCA8456 450496 * * * * * * * * 
31 11 NDJ619 CCA8457 450497 * * * * * * * * 
32 11 NDJ620 CCA8458 450498 * * * * * * * * 
33 11 NDJ621 CCA8459 450499 * * * * * * * * 
34 12 NDJ844 no voucher 450404 450820 450883 450946 451009 451071 451132 450698 450760 
35 12 NDJ845 no voucher 450452 * * * * * * * * 
36 12 NDJ841 CCA8566 450584 450857 450920 450983 451046 451106 451169 450735 450794 
37 12 NDJ842 CCA8567 450585 * * * * * * * * 
38 12 NDJ843 CCA8568 450586 * * * * * * * * 
39 13 NDJ805 no voucher 450399 * * * * * * * * 
39 13 NDJ802 CCA8552 450570 * * * * * * * * 
40 13 NDJ801 CCA8551 450569 450853 450916 450979 451042 451102 451165 450731 450790 
41 13 NDJ803 CCA8553 450571 * * * * * * * * 
42 13 NDJ804 CCA8554 450572 * * * * * * * * 
43 14 KU289461 no voucher 450317 * * * * * * * * 
44 14 KU289536 no voucher 450318 * * * * * * * * 
45 14 KU289460 no voucher 450319 * * * * * * * * 
46 15 NDJ799 no voucher 450398 * * * * * * * * 
46 15 NDJ795 CCA8549 450565 * * * * * * * * 
47 15 NDJ796 CCA8548 450566 * * * * * * * * 
48 15 NDJ797 CCA8547 450567 * * * * * * * * 
49 15 NDJ794 CCA8550 450564 * * * * * * * * 
50 15 NDJ798 CCA8546 450568 * * * * * * * * 
51 16 NDJ1 no voucher 450339 * * * * * * * * 
52 17 NDJ35 no voucher 450341 * * * * * * * * 
53 17 NDJ37 LSUMZ89411 450418 * * * * * * * * 
54 17 NDJ38 LSUMZ89412 450419 * * * * * * * * 
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55 17 NDJ39 no voucher 450420 * * * * * * * * 
56 17 NDJ36 no voucher 450417 * * * * * * * * 
57 18 NDJ14 no voucher 450340 * * * * * * * * 
58 19 NDJ73 no voucher 450382 * * * * * * * * 
59 19 NDJ74 LSUMZ89410 450383 * * * * * * * * 
60 20 NDJ648 no voucher 450356 * * * * * * * * 
61 21 H20821 no voucher 450336 * * * * * * * * 
62 21 H20822 no voucher 450337 * * * * * * * * 
63 21 H20823 LSUMZ89069 450338 * * * * * * * * 
64 22 NDJ454 no voucher 450388 450811 450874 450937 451000 451062 451123 450689 450752 
65 22 NDJ457 no voucher 450391 450814 450877 450940 451003 451065 451126 450692 * 
66 22 NDJ455 no voucher 450389 450812 450875 450938 451001 451063 451124 450690 450753 
67 22 NDJ453 no voucher 450342 450798 450861 450924 450987 451050 451110 450676 450739 
67 22 NDJ456 no voucher 450343 450813 450876 450939 451002 451064 451125 450691 450754 
67 19 NDJ72 no voucher 450390 * * * * * * * * 
68 23 NDJ889 CCA8588 450625 * * * * * * * * 
69 23 NDJ891 CCA8590 450627 * * * * * * * * 
70 23 NDJ890 CCA8589 450626 * * * * * * * * 
71 23 NDJ892 CCA8591 450628 * * * * * * * * 
72 24 H20820 no voucher 450310 * * * * * * * * 
73 25 NDJ13 no voucher 450312 * * * * * * * * 
74 26 KU289470 no voucher 450316 * * * * * * * * 
75 27 H18273 no voucher 450309 * * * * * * * * 
76 28 H19751 LSUMZ87215 450407 * * * * * * * * 
77 28 H19749 LSUMZ87213 450411 * * * * * * * * 
78 29 NDJ774 CCA8532 450394 450851 450914 450977 451040 * 451163 450729 450788 
78 28 H19750 LSUMZ87214 450410 * * * * * * * * 
78 29 NDJ779 no voucher 450448 * * * * * * * * 
78 29 NDJ780 no voucher 450554 * * * * * * * * 
78 29 NDJ776 CCA8534 450556 * * * * * * * * 
79 29 NDJ775 CCA8533 450555 * * * * * * * * 
80 30 NDJ579 CCA8438 450332 * * * * * * * * 
81 30 NDJ583 no voucher 450435 * * * * * * * * 
82 30 NDJ580 CCA8439 450487 * * * * * * * * 
83 30 NDJ581 CCA8440 450488 * * * * * * * * 
84 30 NDJ582 CCA8441 450489 * * * * * * * * 
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85 31 NDJ494 no voucher 450324 * * * * * * * * 
86 31 NDJ496 no voucher 450429 * * * * * * * * 
87 31 NDJ497 no voucher 450430 * * * * * * * * 
88 31 NDJ498 no voucher 450431 * * * * * * * * 
89 31 NDJ495 no voucher 450311 450824 450887 450950 451013 451075 451136 450702 450764 
89 49 H20824 no voucher 450428 * * * * * * * * 
90 32 NDJ764 CCA8528 450381 * * * * * * * * 
91 32 NDJ765 CCA8529 450551 * * * * * * * * 
92 33 NDJ791 no voucher 450397 * * * * * * * * 
93 33 NDJ786 CCA8541 450559 * * * * * * * * 
94 33 NDJ787 CCA8542 450560 * * * * * * * * 
95 33 NDJ789 CCA8544 450562 * * * * * * * * 
95 33 NDJ790 CCA8545 450563 * * * * * * * * 
96 34 OCGR6646 42824 450669 * * * * * * * * 
96 34 OCGR7059 42820 450670 * * * * * * * * 
96 34 OCGR7060 42821 450671 * * * * * * * * 
96 34 OCGR7080 42822 450672 * * * * * * * * 
96 34 OCGR7127 42823 450673 * * * * * * * * 
97 35 NDJ783 CCA8538 450396 * * * * * * * * 
98 35 NDJ784 CCA8539 450557 * * * * * * * * 
99 35 NDJ785 CCA8540 450558 * * * * * * * * 
100 36 NDJ865 CCA8572 450455 * * * * * * * * 
101 33 NDJ788 CCA8543 450456 450852 450915 450978 451041 451101 451164 450730 450789 
101 37 KU290687 CAS294 450549 * * * * * * * * 
101 39 NDJ761 CCA8526 450561 * * * * * * * * 
102 37 KU290688 CAS295 450457 * * * * * * * * 
103 38 NDJ782 CCA8537 450395 450816 450879 450942 451005 451067 451128 450694 450756 
104 39 NDJ758 CCA8523 450380 450809 450872 450935 450998 451060 451121 450687 450750 
105 39 NDJ759 CCA8524 450547 * * * * * * * * 
106 39 NDJ760 CCA8525 450548 * * * * * * * * 
107 39 NDJ762 CCA8527 450550 * * * * * * * * 
108 40 NDJ331 no voucher 450353 * * * * * * * * 
109 * NDJ371 no voucher 450384 450810 450873 450936 450999 451061 451122 450688 450751 
109 40 NDJ332 no voucher 450385 * * * * * * * * 
109 40 NDJ333 no voucher * * * * * * * * * 
110 40 NDJ334 no voucher 450386 * * * * * * * * 
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111 40 NDJ335 no voucher 450387 * * * * * * * * 
112 41 NDJ637 no voucher 450354 * * * * * * * * 
113 41 NDJ470 no voucher 450421 * * * * * * * * 
114 41 NDJ471 no voucher 450422 * * * * * * * * 
115 41 NDJ472 no voucher 450423 * * * * * * * * 
116 41 NDJ473 no voucher 450424 * * * * * * * * 
117 42 NDJ71 LSUMZ89409 450351 450801 450864 450927 450990 451053 451113 450679 450742 
117 43 H17995 LSUMZ83021 450352 * * * * * * * * 
117 43 NDJ933 CCA8604 450613 * * * * * * * * 
117 50 NDJ869 CCA8576 450631 * * * * * * * * 
118 43 NDJ931 CCA8602 450629 * * * * * * * * 
119 43 NDJ932 CCA8603 450630 * * * * * * * * 
120 43 NDJ934 CCA8605 450632 * * * * * * * * 
121 44 NDJ651 no voucher 450363 450805 450868 450931 450994 451056 451117 450683 450746 
122 45 NDJ950 no voucher 450595 * * * * * * * * 
123 45 NDJ946 CCA8610 450637 * * * * * * * * 
124 45 NDJ947 CCA8611 450638 * * * * * * * * 
125 45 NDJ948 CCA8612 450639 * * * * * * * * 
126 45 NDJ949 CCA8613 450640 * * * * * * * * 
127 46 NDJ882 CCA8583 450620 * * * * * * * * 
127 46 NDJ885 CCA8586 450623 * * * * * * * * 
128 46 NDJ883 CCA8584 450621 * * * * * * * * 
129 46 NDJ884 CCA8585 450622 * * * * * * * * 
130 47 NDJ877 CCA8581 450618 * * * * * * * * 
131 47 NDJ875 CCA8579 450616 * * * * * * * * 
132 47 NDJ876 CCA8580 450617 * * * * * * * * 
133 47 NDJ878 CCA8582 450619 * * * * * * * * 
134 48 NDJ942 no voucher 450594 * * * * * * * * 
134 48 NDJ941 CCA8609 450636 * * * * * * * * 
134 56 NDJ972 CCA8618 450645 * * * * * * * * 
135 48 NDJ939 CCA8607 450634 * * * * * * * * 
136 48 NDJ940 CCA8608 450635 * * * * * * * * 
137 48 NDJ938 CCA8606 450633 * * * * * * * * 
138 49 H20808 LSUMZ89039 450667 * * * * * * * * 
139 50 NDJ867 CCA8574 450611 * * * * * * * * 
140 50 NDJ870 CCA8577 450614 * * * * * * * * 
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141 50 NDJ866 CCA8573 450610 * * * * * * * * 
142 50 NDJ868 CCA8575 450612 * * * * * * * * 
143 51 H18440 LSUMZ83720 450350 450800 450863 450926 450989 451052 451112 450678 450741 
144 51 H2829 no voucher 450414 * * * * * * * * 
145 51 H2830 no voucher 450416 450822 450885 450948 451011 451073 451134 450700 450762 
146 52 NDJ855 CCA8571 450589 * * * * * * * * 
146 56 NDJ973 CCA8619 450646 * * * * * * * * 
147 52 NDJ856 no voucher 450453 * * * * * * * * 
148 75 NDJ752 CCA8517 450454 450848 450911 450974 451037 451098 451160 450726 450785 
148 46 NDJ886 CCA8587 450542 * * * * * * * * 
148 47 NDJ874 CCA8578 450615 * * * * * * * * 
148 52 NDJ857 no voucher 450624 * * * * * * * * 
149 52 NDJ854 CCA8570 450587 450858 450921 450984 451047 451107 451170 450736 450795 
149 52 NDJ853 CCA8569 450588 * * * * * * * * 
150 53 H3037 no voucher 450361 450803 450866 450929 450992 451055 451115 450681 450744 
151 54 H18647 LSUMZ84442 450359 * * * * * * * * 
152 54 H18023 LSUMZ83086 450666 * * * * * * * * 
153 55 NDJ980 CCA8621 450648 * * * * * * * * 
154 55 NDJ984 CCA8625 450652 * * * * * * * * 
155 55 NDJ982 CCA8623 450650 * * * * * * * * 
156 55 NDJ983 CCA8624 450651 * * * * * * * * 
157 56 NDJ975 no voucher 450602 * * * * * * * * 
157 56 NDJ974 CCA8620 450647 * * * * * * * * 
158 56 NDJ976 no voucher 450603 * * * * * * * * 
159 55 NDJ981 CCA8622 450597 * * * * * * * * 
159 57 NDJ964 no voucher 450649 * * * * * * * * 
160 57 NDJ965 no voucher 450598 * * * * * * * * 
161 57 NDJ966 no voucher 450599 * * * * * * * * 
162 57 NDJ967 no voucher 450600 * * * * * * * * 
163 57 NDJ968 no voucher 450601 * * * * * * * * 
164 58 NDJ958 no voucher 450596 * * * * * * * * 
165 58 NDJ954 CCA8614 450641 * * * * * * * * 
166 58 NDJ955 CCA8615 450642 * * * * * * * * 
167 58 NDJ956 CCA8616 450643 * * * * * * * * 
168 58 NDJ957 CCA8617 450644 * * * * * * * * 
169 59 H18610 LSUMZ84405 450358 * * * * * * * * 
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170 60 H18670 LSUMZ84465 450360 * * * * * * * * 
171 60 H18668 LSUMZ84463 450408 450821 450884 450947 451010 451072 451133 450699 450761 
171 60 H18669 LSUMZ84464 450412 * * * * * * * * 
171 60 H18026 LSUMZ83089 450415 * * * * * * * * 
172 60 H18667 LSUMZ84462 450409 * * * * * * * * 
173 60 H18055 LSUMZ83170 450413 * * * * * * * * 
174 61 NDJ701 CCA8484 450370 * * * * * * * * 
175 61 NDJ702 CCA8485 450518 450843 450906 450969 451032 451093 451155 450721 450781 
176 61 NDJ703 CCA8486 450519 * * * * * * * * 
177 61 NDJ704 CCA8487 450520 * * * * * * * * 
178 61 NDJ705 CCA8488 450521 * * * * * * * * 
179 62 NDJ643 LSUMZ89702 450355 * * * * * * * * 
180 62 NDJ644 LSUMZ89702 450500 * * * * * * * * 
181 62 NDJ645 LSUMZ89702 450501 450836 450899 450962 451025 451086 451148 450714 450774 
182 63 NDJ767 CCA8531 450446 450850 450913 450976 451039 451100 451162 450728 450787 
182 63 NDJ769 no voucher 450553 * * * * * * * * 
183 63 NDJ770 no voucher 450447 * * * * * * * * 
184 63 NDJ768 no voucher 450393 * * * * * * * * 
185 63 NDJ766 CCA8530 450552 * * * * * * * * 
186 64 H1938 no voucher 450321 * * * * * * * * 
187 65 NDJ714 CCA8489 450371 * * * * * * * * 
188 65 NDJ715 CCA8490 450522 450844 450907 450970 451033 451094 451156 450722 450782 
189 66 UAHC14759 UAHC14759 450348 * * * * * * * * 
190 67 UAHC14732 UAHC14732 450345 * * * * * * * * 
191 68 UAHC14754 UAHC14754 450346 * * * * * * * * 
192 69 UAHC15388 UAHC15388 450349 * * * * * * * * 
193 70 NDJ716 CCA8491 450372 * * * * * * * * 
194 70 NDJ717 CCA8492 450523 * * * * * * * * 
195 70 NDJ718 CCA8493 450524 * * * * * * * * 
196 70 NDJ719 CCA8494 450525 * * * * * * * * 
197 70 NDJ720 CCA8495 450526 450845 450908 450971 451034 451095 451157 450723 450783 
198 71 NDJ482 CCA8404 450323 * * * * * * * * 
199 71 NDJ484 no voucher 450426 * * * * * * * * 
200 71 NDJ485 no voucher 450427 * * * * * * * * 
201 71 NDJ483 CCA8405 450461 450827 450890 450953 451016 451078 451139 450705 450766 
202 72 NDJ742 CCA8509 450376 450808 450871 450934 450997 451059 451120 450686 450749 
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202 72 NDJ743 CCA8510 450537 * * * * * * * * 
202 72 NDJ745 CCA8512 450539 * * * * * * * * 
203 72 NDJ746 no voucher 450445 * * * * * * * * 
203 72 NDJ744 CCA8511 450538 * * * * * * * * 
204 73 NDJ477 CCA8400 450322 * * * * * * * * 
205 73 NDJ480 no voucher 450425 450823 450886 450949 451012 451074 451135 450701 450763 
206 73 NDJ478 CCA8401 450458 * * * * * * * * 
207 73 NDJ479 CCA8402 450459 * * * * * * * * 
208 73 NDJ481 CCA8403 450460 * * * * * * * * 
209 74 NDJ748 CCA8513 450377 * * * * * * * * 
209 75 NDJ753 CCA8518 450543 * * * * * * * * 
210 74 NDJ749 CCA8514 450540 * * * * * * * * 
211 75 NDJ750 CCA8515 450378 * * * * * * * * 
212 75 NDJ751 CCA8516 450541 * * * * * * * * 
213 76 NDJ754 CCA8519 450379 * * * * * * * * 
214 76 NDJ755 CCA8520 450544 450849 450912 450975 451038 451099 451161 450727 450786 
215 76 NDJ756 CCA8521 450545 * * * * * * * * 
216 76 NDJ757 CCA8522 450546 * * * * * * * * 
217 77 NDJ991 no voucher 450604 * * * * * * * * 
218 77 NDJ992 no voucher 450605 * * * * * * * * 
219 77 NDJ988 CCA8626 450653 * * * * * * * * 
220 77 NDJ989 CCA8627 450654 * * * * * * * * 
221 77 NDJ990 CCA8628 450655 * * * * * * * * 
222 78 NDJ692 CCA8479 450369 * * * * * * * * 
223 78 NDJ693 CCA8480 450514 450841 450904 450967 451030 451091 451153 450719 450779 
224 78 NDJ694 CCA8481 450515 450842 450905 450968 451031 451092 451154 450720 450780 
225 78 NDJ695 CCA8482 450516 * * * * * * * * 
226 78 NDJ696 CCA8483 450517 * * * * * * * * 
227 79 H18893 no voucher 450308 * * * * * * * * 
228 79 NDJ687 CCA8476 450368 450806 450869 450932 450995 451057 451118 450684 450747 
229 79 NDJ690 no voucher 450443 * * * * * * * * 
230 79 NDJ691 no voucher 450444 * * * * * * * * 
231 79 NDJ688 CCA8477 450512 * * * * * * * * 
232 79 NDJ689 CCA8478 450513 * * * * * * * * 
233 80 H18327 LSUMZ83571 450362 450804 450867 450930 450993 * 451116 450682 450745 
234 81 NDJ681 CCA8472 450367 * * * * * * * * 
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235 81 NDJ685 no voucher 450442 * * * * * * * * 
236 81 NDJ682 CCA8473 450509 450840 450903 450966 451029 451090 451152 450718 450778 
237 81 NDJ683 CCA8474 450510 * * * * * * * * 
238 81 NDJ684 CCA8475 450511 * * * * * * * * 
239 82 NDJ680 no voucher 450441 450825 450888 450951 451014 451076 451137 450703 450765 
240 82 NDJ678 CCA8470 450366 * * * * * * * * 
241 82 NDJ679 CCA8471 450508 450839 450902 450965 451028 451089 451151 450717 450777 
242 83 NDJ1005 CCA8635 450609 * * * * * * * * 
243 83 NDJ1006 CCA8636 450662 * * * * * * * * 
244 83 NDJ1007 CCA8637 450663 * * * * * * * * 
245 83 NDJ1008 CCA8638 450664 * * * * * * * * 
246 83 NDJ1009 CCA8639 450665 * * * * * * * * 
247 84 NDJ1003 no voucher 450607 * * * * * * * * 
247 84 NDJ1001 CCA8633 450660 * * * * * * * * 
248 84 NDJ1004 no voucher 450608 * * * * * * * * 
249 84 NDJ1002 CCA8634 450661 * * * * * * * * 
250 85 NDJ999 no voucher 450606 * * * * * * * * 
251 85 NDJ995 CCA8629 450656 * * * * * * * * 
252 85 NDJ996 CCA8630 450657 * * * * * * * * 
253 85 NDJ997 CCA8631 450658 * * * * * * * * 
254 85 NDJ998 CCA8632 450659 * * * * * * * * 
255 86 NDJ674 CCA8466 450365 * * * * * * * * 
255 86 NDJ675 CCA8467 450505 * * * * * * * * 
256 86 NDJ676 CCA8468 450506 * * * * * * * * 
257 86 NDJ677 CCA8469 450507 450838 450901 450964 451027 451088 451150 450716 450776 
258 87 NDJ500 CCA8406 450325 * * * * * * * * 
259 87 NDJ501 CCA8407 450462 * * * * * * * * 
260 87 NDJ502 CCA8408 450463 450828 450891 450954 451017 451079 451140 450706 450767 
261 87 NDJ503 CCA8409 450464 * * * * * * * * 
262 87 NDJ504 CCA8410 450465 * * * * * * * * 
263 88 UAHC14453 UAHC14453 450344 * * * * * * * * 
264 88 UAHC14758 UAHC14758 450347 450799 450862 450925 450988 451051 451111 450677 450740 
265 89 NDJ669 CCA8462 450364 * * * * * * * * 
265 89 NDJ672 CCA8465 450504 * * * * * * * * 
266 89 NDJ673 no voucher 450440 * * * * * * * * 
267 89 NDJ670 CCA8463 450502 450837 450900 450963 451026 451087 451149 450715 450775 
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268 89 NDJ671 CCA8464 450503 * * * * * * * * 
269 90 NDJ657 no voucher 450357 450802 450865 450928 450991 451054 451114 450680 450743 
270 90 NDJ655 no voucher 450405 * * * * * * * * 
271 90 NDJ656 no voucher 450406 * * * * * * * * 
272 90 NDJ661 no voucher 450437 * * * * * * * * 
272 90 NDJ662 no voucher 450438 * * * * * * * * 
273 90 NDJ663 no voucher 450439 * * * * * * * * 
274 90 NDJ658 no voucher 450392 450815 450878 450941 451004 451066 451127 450693 450755 
275 90 NDJ660 no voucher 450436 * * * * * * * * 
276 91 NDJ508 CCA8411 450326 * * * * * * * * 
277 91 NDJ512 no voucher 450432 * * * * * * * * 
278 91 NDJ509 CCA8412 450466 * * * * * * * * 
279 91 NDJ510 CCA8413 450467 * * * * * * * * 
280 91 NDJ511 CCA8414 450468 * * * * * * * * 
281 92 H2457 no voucher 450320 * * * * * * * * 
282 93 NDJ515 CCA8416 450469 450829 450892 450955 451018 * 451141 450707 450768 
283 93 NDJ516 CCA8417 450470 * * * * * * * * 
284 93 NDJ517 CCA8418 450471 * * * * * * * * 
285 93 NDJ514 CCA8415 450327 * * * * * * * * 
285 93 NDJ518 CCA8419 450472 * * * * * * * * 
286 94 NDJ520 CCA5420 450328 450797 450860 450923 450986 451049 451109 450675 450738 
287 94 NDJ521 CCA5421 450473 * * * * * * * * 
288 94 NDJ522 CCA5422 450474 * * * * * * * * 
289 94 NDJ523 CCA5423 450475 * * * * * * * * 
290 94 NDJ524 CCA5424 450476 * * * * * * * * 
291 95 NDJ721 CCA8496 450373 450807 450870 450933 450996 451058 451119 450685 450748 
292 95 NDJ722 CCA8497 450527 * * * * * * * * 
293 95 NDJ723 CCA8498 450528 * * * * * * * * 
294 95 NDJ724 CCA8499 450529 * * * * * * * * 
295 95 NDJ725 CCA8500 450530 * * * * * * * * 
296 96 NDJ532 CCA8425 450329 * * * * * * * * 
297 96 NDJ533 CCA8426 450331 * * * * * * * * 
297 96 NDJ536 CCA8429 450477 * * * * * * * * 
297 100 NDJ566 CCA8434 450480 * * * * * * * * 
298 96 NDJ534 CCA8427 450478 * * * * * * * * 
299 96 NDJ535 CCA8428 450479 * * * * * * * * 
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300 97 NDJ727 CCA8501 450374 * * * * * * * * 
301 97 NDJ728 CCA8502 450531 450846 450909 450972 451035 451096 451158 450724 * 
301 97 NDJ730 CCA8504 450533 * * * * * * * * 
302 97 NDJ729 CCA8503 450532 * * * * * * * * 
303 97 NDJ731 CCA8505 450534 * * * * * * * * 
304 98 NDJ739 CCA8506 450375 * * * * * * * * 
305 98 NDJ740 CCA8507 450535 450847 450910 450973 451036 451097 451159 450725 450784 
306 98 NDJ741 CCA8508 450536 * * * * * * * * 
307 99 NDJ554 CCA8430 450330 * * * * * * * * 
308 99 NDJ558 no voucher 450433 * * * * * * * * 
308 99 NDJ557 CCA8433 450483 * * * * * * * * 
309 99 NDJ555 CCA8431 450481 450830 450893 450956 451019 451080 451142 450708 450769 
310 99 NDJ556 CCA8432 450482 * * * * * * * * 
311 100 NDJ570 no voucher 450434 * * * * * * * * 
312 100 NDJ567 CCA8435 450484 450831 450894 450957 451020 451081 451143 450709 * 
313 100 NDJ568 CCA8436 450485 * * * * * * * * 
314 100 NDJ569 CCA8437 450486 * * * * * * * * 
* * H14810 no voucher 450314 450796 450859 450922 450985 451048 451108 450674 450737 


















APPENDIX B: LOCALITIES SAMPLED FOR CHAPTER 3 
 
Locality numbers (L#) correspond with those in Figures 3.1-3.3 and in Appendix A.  Coordinates 
are projected in WGS 1984. 
 
L#   County  State          Locality    Lat   Long
1 Val Verde TX Devil's River SNA 29.89794 -100.98532
2 Bandera TX Lost Maples SNA 29.81629 -99.57682 
3 Kendall TX Guadalupe River SP 29.87366 -98.48452 
4 Gonzales TX Palmetto SP 29.59026 -97.58566 
5 Blanco TX Pedernales Falls SP 30.33428 -98.25224 
6 Travis TX Austin:Brackenridge Field Station 30.28640 -97.78050 
7 Travis TX Barton Creek Habitat Preserve 30.30006 -97.90023 
8 San Saba TX Colorado Bend SP 31.06255 -98.50425 
9 Menard TX Clear Creek Crossing 30.90382 -99.92297 
10 Goliad TX Coleto Creek Park & Reservoir 28.72062 -97.17587 
11 Austin TX Stephen F. Austin SHP 29.82121 -96.11096 
12 Hardin TX Village Creek SP 30.25471 -94.17082 
13 Limestone TX Fort Parker SP 31.59434 -96.53106 
14 Smith TX Camp Tyler off McElroy Rd. 32.34120 -95.23050 
15 Fannin TX Bonham SP 33.54499 -96.14218 
16 Evangeline LA Chicot SP 30.80220 -92.30370 
17 St. Landry LA North of Arnaudville off Hwy 31 30.46836 -91.89286 
18 St. Mary LA Bayou Tech NWR 29.74491 -91.45780 
19 St. Landry LA West of Melville along Hwy 10 30.69549 -91.78554 
20 St. Martin LA Lake Fausse SP 30.05970 -91.60000 
21 Pointe Coupee LA Atchafalaya NWR 30.53140 -91.73391 
22 Pointe Coupee LA Erwinville: North of Hwy 190 30.55462 -91.52250 
23 Pointe Coupee LA New Roads, off Parent St. 30.70235 -91.44979 
24 Pointe Coupee LA Near Innis 30.87920 -91.76460 
25 Natchitoches LA Kisatchie Bayou Rec' Ctr. 31.54000 -92.96000 
26 Ouachita LA Russell Sage WMA 32.48566 -91.99074 
27 Bossier LA Harmon Lake, Barksdale AFB 32.49710 -93.60870 
28 Winn LA Zion Rd. 0.25 mi. W. of LA 472 31.79798 -92.50479 
29 Bradley AR Moro Bay SP 33.29750 -92.34843 
30 Montgomery AR Quachita NF 34.62234 -93.80201 
31 Phillips AR North of Helena, Great River Rd. 34.55364 -90.58937 
32 Stone AR Ozark NF 35.96913 -92.17287 
33 Muskogee OK Greenleaf SP 35.62361 -95.16616 
34 Ellis OK Packsaddle WMA 35.88888 -99.72120 
35 Cherokee KS Spring River Wildlife Area 37.18156 -94.64949 
36 Douglas KS Clinton Lake: southeast side 38.89930 -95.34470 
37 Douglas KS Clinton Lake: Woodridge Camp 38.93720 -95.43020 
38 Dallas MO Bennett Spring SP 37.72234 -92.85487 
39 Cape Giradeau MO Trail of Tears SP 37.45619 -89.48818 
40 West Baton Rouge LA West of Port Allen, Rosedale Rd. 30.45729 -91.31945 
41 East Baton Rouge LA Baton Rouge: Ben Hur 30.38345 -91.18901 
42 East Baton Rouge LA Baton Rouge: Hooper Road Park 30.53273 -91.11753 
43 East Baton Rouge LA Waddill WMA 30.49053 -91.03200 
44 East Feliciana LA East Feliciana NWR 30.80105 -91.25000 
45 East Feliciana LA Bluff Creek: off Hwy 960 30.75504 -90.85680 
46 East Feliciana LA Amite River Bridge: west 30.88792 -90.85202 





48 St. Helena LA Grangeville 30.76200 -90.80310 
49 St. John the Baptist LA Northern LaPlace 30.09160 -90.46492 
50 Livingston LA Denham Springs: South Park 30.44458 -90.96516 
51 Livingston LA Tickfaw SP 30.39205 -90.66374 
52 St. Helena LA Hutchinson Creek WMA 30.86878 -90.62515 
53 Livingston LA North Livingston 30.54881 -90.82634 
54 Tangipahoa LA Sandy Hollow WMA 30.81444 -90.41421 
55 Tangipahoa LA Tangipahoa River Bridge: east 30.63978 -90.47719 
56 Tangipahoa LA Indian Creek Cmpgrnd 30.62139 -90.53250 
57 Tangipahoa LA Yogi Bear's Jellystone Cmpgrnd 30.52120 -90.34685 
58 Tangipahoa LA Southeast Hammond 30.47803 -90.43130 
59 St. Tammany LA Pearl River WMA 30.31908 -89.68917 
60 Washington LA Lee Memorial Forest 30.88692 -89.99618 
61 Perry MS De Soto NF: Black Creek Trail 30.98761 -89.05180 
62 Wilkinson MS Clark Creek Natural Area 31.07100 -91.51040 
63 Sharkey MS Sunflower WMA 32.69580 -90.81656 
64 Choctaw MS Choctaw Lake 33.25750 -89.15010 
65 Tuscaloosa AL Lake Lurleen SP 33.30831 -87.67538 
66 Tuscaloosa AL U. of Alabama Arboretum 33.19218 -87.47940 
67 Tuscaloosa AL Cypress Pond 33.06667 -87.64028 
68 Hale AL Talladega NF 32.95083 -87.42389 
69 Bibb AL no details 32.96932 -87.32840 
70 Shelby AL Oak Mountain SP 33.36535 -86.70959 
71 Benton MS Holly Springs NF 34.69943 -89.23838 
72 White TN Rock Island SP 35.80823 -85.63332 
73 Henderson TN Natchez Trace SRP & F 35.80423 -88.26356 
74 Christian KY Pennyrile Forest SRP 37.07296 -87.66362 
75 Lyon KY Land Between the Lakes NRA 36.96850 -88.19841 
76 Pope IL Rauchfuss Hill RA 37.37495 -88.48259 
77 Mobile AL Escatawpa Hollow Cmpgrnd 30.85925 -88.41781 
78 Baldwin AL Historical Blakeley SP 30.74776 -87.91713 
79 Santa Rosa FL Blackwater River SF 30.85885 -86.84522 
80 Okaloosa FL North of I-10, south of Holt 30.70830 -86.74990 
81 Holmes FL Ponce de Leon Springs RA 30.72126 -85.92935 
82 Washington FL Falling Waters SRA 30.72759 -85.52976 
83 Washington FL Hightower Springs Landing 30.60512 -85.76523 
84 Gulf FL Dead Lakes Park 30.13966 -85.19943 
85 Jackson FL Florida Caverns SP 30.81063 -85.22662 
86 Liberty FL Torreya SP 30.56915 -84.95015 
87 Huston AL Chattahoochee SP 31.00917 -85.03882 
88 Coffee AL no details 31.41875 -85.85808 
89 Lee AL Chewacla SP 32.55518 -85.47795 
90 Baker GA Joseph W. Jones Eco. Research Ct. 31.25056 -84.49474 
91 Liberty FL Apalachicola NF: Whitehead L. 30.16490 -84.67530 
92 Marion FL West of Delaney L. 29.43330 -81.79240 
93 Marion FL Ocala NF: Silver Glen Springs 29.21353 -81.65345 
94 Baker FL Osceola NF: Middle Prong Cr. 30.38478 -82.33214 
95 Monroe GA High Falls SP 33.17980 -84.01811 
96 Hampton SC Lake Warren SP 32.83400 -81.16286 
97 Orangeburg SC Santee SP 33.55193 -80.50345 
98 Durham NC Falls Lake State RA 36.01766 -78.68554 
99 Columbus NC Lake Waccamaw SP 34.25943 -78.47673 
100 Suffolk VA Great Dismal Swamp NWR 36.62069 -76.54903 
163 
 
APPENDIX C: DESCRIPTION OF NUCLEAR HAPLOTYPES 
 
List of all specimens sequenced for eight nuclear loci and their haplotypes.  L# = locality number 
(same as those used in Figure 3.1 and Appendix B) and mt-h# = cytb haplotype number (same as 
those used in Figure 3.2 and Appendix A).  Haplotypes for each sample correlate to labeled 
networks in Figure 3.4, where letters b-i (following each haplotype number) correspond to 
networks b-i (which correspond to locus P1-18, P1-23, P1-58, P2-03, P2-07, P2-42, PRLR, and 
SELT, respectively).  Homozygotes have only one haplotype per locus and heterozygotes have 
two haplotypes per locus.  Asterisks represent loci not sequenced for an individual.  Sample 
NDJ371 was not included in the cytb phylogenetic analysis and has not been issued a locality 
number, though its cytb haplotype is known.  The origin of this sample is Erwinville, LA 
(30.52132N, -91.38959W).  
 
 
L#   field# voucher# mt-h#   ncDNA haplotypes     
1 NDJ604 CCA8451 2 22b,18c,12d,17e,15f,13g,35g,15h,19i 
1 NDJ607 CCA8454 5 22b,18c,25c,18d,19d,17e,15f,13g,15h,18h,19i 
2 NDJ824 no voucher 6 12b,13b,1c,17c,12d,9e,17e,15f,13g,26g,15h,19i 
2 NDJ822 CCA8562 9 13b,22b,1c,18c,18d,28d,17e,15f,13g,15h,19i,44i 
3 NDJ832 no voucher 12 13b,14b,18c,7d,12d,9e,15f,13g,3h,15h,19i,20i 
4 NDJ808 CCA8557 17 33b,1c,35c,3d,9e,17e,15f,13g,47g,3h,1i,42i 
4 NDJ810 CCA8559 19 1b,34b,19c,36c,7d,19d,9e,15f,11g,48g,3h,12i,43i 
5 NDJ600 CCA8447 21 13b,22b,1c,18c,9d,18d,9e,17e,15f,13g,3h,15h,29i,31i 
5 NDJ601 CCA8448 22 13b,22b,1c,18c,12d,17e,15f,13g,3h,15h,19i 
10 NDJ839 no voucher 28 5b,15b,19c,3d,13d,9e,18e,16f,13g,3h,12i,21i 
10 NDJ840 no voucher 27 5b,19b,19c,3d,12d,3e,9e,15f,21f,13g,3h,* 
12 NDJ844 no voucher 34 16b,20c,3d,3e,19e,17f,1g,27g,3h,14h,22i,23i 
12 NDJ841 CCA8566 36 4b,35b,1c,13c,3d,9d,3e,15e,15f,33f,28g,49g,3h,27h,1i,45i 
13 NDJ801 CCA8551 40 2b,12b,33c,34c,3d,9d,3e,9e,32f,13g,46g,3h,26h,1i,12i 
22 NDJ453 no voucher 67 1b,2b,1c,1d,2d,1e,2e,1f,2f,1g,2g,1h,2h,1i 
22 NDJ454 no voucher 64 1b,8b,1c,13c,3d,11d,1e,2f,1g,21g,3h,1i 
22 NDJ455 no voucher 66 1b,2b,1c,3c,3d,7d,3e,15e,1f,2f,13g,2h,3h,1i 
22 NDJ456 no voucher 67 1b,7b,3c,11c,2d,2e,7f,10f,1g,22g,3h,1i 
22 NDJ457 no voucher 65 2b,6b,3c,14c,1d,9d,3e,10e,2f,11f,23g,24g,3h,* 
29 NDJ774 CCA8532 78 18b,32b,1c,11c,1d,3d,3e,16e,*,6g,13g,3h,7h,1i 
31 NDJ495 no voucher 89 7b,18b,3c,3d,7d,3e,15e,2f,14f,6g,13g,7h,1i 
33 NDJ788 CCA8543 101 4b,5b,1c,11c,3d,15e,29e,9f,13g,45g,7h,14h,1i 
38 NDJ782 CCA8537 103 2b,11b,1c,9d,3e,16e,13f,14f,13g,3h,14h,17i,18i 
39 NDJ758 CCA8523 104 5b,6b,11c,12c,9d,3e,14e,9f,13g,20g,7h,1i,15i 
42 NDJ71 LSUMZ89409 117 1b,2b,1c,5c,3d,5d,1e,2e,4f,6f,6g,7g,3h,1i,6i 
44 NDJ651 no voucher 121 1b,2b,1c,3c,1d,1e,10e,2f,6f,13g,14g,3h,7h,1i 
51 H18440 LSUMZ83720 143 3b,4b,1c,4c,3d,4d,1e,5e,4f,5f,5g,3h,4i,5i 
51 H2830 no voucher 145 4b,5b,1c,22c,3d,3e,20e,2f,7f,28g,29g,3h,1i,25i 
52 NDJ854 CCA8570 149 4b,7b,1c,4c,3d,14d,1e,2e,4f,7f,1g,18g,3h,28h,25i 
53 H3037 no voucher 150 2b,5b,4c,7c,1d,7e,8e,2f,4f,6g,10g,1h,3h,1i,8i 
60 H18668 LSUMZ84463 171 1b,2b,3c,21c,7d,14d,13e,20e,18f,19f,13g,18g,1h,1i,24i 
61 NDJ702 CCA8485 175 16b,28b,3c,31c,3d,5d,13e,6f,28f,11g,43g,3h,23h,1i,27i 
62 NDJ645 LSUMZ89702 181 3b,7b,1c,4c,1d,3d,7e,20e,2f,1g,13g,3h,1i 
63 NDJ767 CCA8531 182 1b,31b,3c,13c,9d,27d,1e,3e,13f,31f,13g,14h,21h,1i 
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65 NDJ715 CCA8490 188 1b,5b,21c,32c,2d,14d,1e,13f,29f,11g,20g,3h,24h,1i 
70 NDJ720 CCA8495 197 1b,3c,3d,7d,1e,13e,6f,18g,19g,1h,27i,37i 
71 NDJ483 CCA8405 201 2b,7b,3c,13c,2d,3d,22e,23e,7f,22f,1g,1h,1i,27i 
72 NDJ742 CCA8509 202 1b,3c,3d,13e,6f,18g,19g,1h,11h,13i,14i 
73 NDJ480 no voucher 205 5b,17b,1c,2d,3d,1e,7e,4f,6f,1g,18g,3h,16h,1i,14i 
75 NDJ752 CCA8517 148 1b,30b,3c,3d,1e,13e,6f,11g,18g,1h,25h,40i,41i 
76 NDJ755 CCA8520 214 1b,7c,3d,1e,13f,19g,21h,14i 
78 NDJ693 CCA8480 223 5b,26b,3c,3d,3e,6f,7f,18g,40g,6h,14i,26i 
78 NDJ694 CCA8481 224 5b,27b,30c,3d,24d,1e,27e,7f,27f,41g,42g,6h,22h,12i,36i 
79 NDJ687 CCA8476 228 2b,3c,8c,3d,7d,3e,11e,7f,15g,16g,1h,8h,11i,12i 
80 H18327 LSUMZ83571 233 1b,2b,8c,3d,6d,1e,9e,*,11g,12g,3h,6h,9i,10i 
81 NDJ682 CCA8473 236 25b,8c,29c,3d,23d,1e,7f,26f,7g,39g,12h,21h,35i 
82 NDJ680 no voucher 239 1b,2b,9c,23c,7d,11e,21e,1f,20f,11g,30g,6h,17h,12i,26i 
82 NDJ679 CCA8471 241 1b,24b,15c,28c,7d,8d,1e,25e,7f,25f,25g,38g,20h,21h,5i,34i 
86 NDJ677 CCA8469 257 1b,27c,28c,21d,22d,1e,25e,6f,36g,37g,4h,19h,4i,33i 
87 NDJ502 CCA8408 260 1b,9b,2c,3d,15d,24e,25e,6f,23f,11g,31g,12h,17h,12i 
88 UAHC14758 UAHC14758 264 1b,2c,3c,3d,3e,4e,3f,3g,4g,3h,3i,3i 
89 NDJ670 CCA8463 267 1b,23b,26c,3d,20d,11e,6f,24f,25g,1h,12h,12i,32i 
90 NDJ657 no voucher 269 1b,2c,6c,3d,3e,6e,6f,8g,9g,4h,5h,1i,7i 
90 NDJ658 no voucher 274 9b,10b,15c,16c,3d,7d,1e,6f,12f,4g,25g,12h,13h,5i,16i 
93 NDJ515 CCA8416 282 10b,20b,2c,24c,7d,16d,11e,*,32g,33g,12h,28i,29i 
94 NDJ520 CCA5420 286 1b,4b,2c,27c,3d,7d,21e,26e,6f,13g,50g,29h,30h,5i,12i 
95 NDJ721 CCA8496 291 1b,9c,10c,7d,8d,12e,6f,8f,11g,17g,9h,10h,1i,7i 
97 NDJ728 CCA8502 301 21b,9c,3d,25d,3e,28e,6f,30f,18g,12h,* 
98 NDJ740 CCA8507 305 5b,29b,9c,7d,26d,26e,6f,30f,18g,44g,4h,38i,39i 
99 NDJ555 CCA8431 309 10b,21b,9c,8d,17d,26e,13f,18g,9h,30i 
100 NDJ567 CCA8435 312 1b,9c,17d,26e,13f,18g,34g,4h,12h,* 
























APPENDIX D: SAMPLES USED IN CHAPTER 4 
 
 
Loc# Tissue # voucher/field # County State Locality detail 
1 NDJ603 CCA8450 Val Verde TX Devil's River SNA 
1 NDJ604 CCA8451 Val Verde TX Devil's River SNA 
1 NDJ605 CCA8452 Val Verde TX Devil's River SNA 
1 NDJ606 CCA8453 Val Verde TX Devil's River SNA 
1 NDJ607 CCA8454 Val Verde TX Devil's River SNA 
1 NDJ608 no voucher Val Verde TX Devil's River SNA 
1 NDJ609 no voucher Val Verde TX Devil's River SNA 
1 NDJ610 no voucher Val Verde TX Devil's River SNA 
1 NDJ611 no voucher Val Verde TX Devil's River SNA 
1 NDJ612 no voucher Val Verde TX Devil's River SNA 
2 NDJ824 no voucher Bandera TX Lost Maples SNA 
2 NDJ820 CCA8560 Bandera TX Lost Maples SNA 
2 NDJ821 CCA8561 Bandera TX Lost Maples SNA 
2 NDJ822 CCA8562 Bandera TX Lost Maples SNA 
3 NDJ832 no voucher Kendall TX Guadalupe River SP 
3 NDJ833 no voucher Kendall TX Guadalupe River SP 
3 NDJ834 no voucher Kendall TX Guadalupe River SP 
4 NDJ811 no voucher Gonzales TX Palmetto SP 
4 NDJ806 CCA8555 Gonzales TX Palmetto SP 
4 NDJ807 CCA8556 Gonzales TX Palmetto SP 
4 NDJ808 CCA8557 Gonzales TX Palmetto SP 
4 NDJ809 CCA8558 Gonzales TX Palmetto SP 
4 NDJ810 CCA8559 Gonzales TX Palmetto SP 
5 NDJ600 CCA8447 Blanco TX Pedernales Falls SP 
5 NDJ601 CCA8448 Blanco TX Pedernales Falls SP 
6 TNHC65580 no voucher Travis TX Barton Creek Habitat Preserve 
6 TJL1384 no voucher Travis TX Barton Creek Habitat Preserve 
7 TNHC53239 no voucher San Saba TX Colorado Bend SP 
8 UTA-R56293 no voucher Menard TX Clear Creek Crossing 
9 NDJ839 no voucher Goliad TX Coleto Creek Park & Reservoir 
9 NDJ840 no voucher Goliad TX Coleto Creek Park & Reservoir 
10 NDJ620 CCA8458 Austin TX Stephen F. Austin SHP 
10 NDJ621 CCA8459 Austin TX Stephen F. Austin SHP 
11 NDJ844 no voucher Hardin TX Village Creek SP 
11 NDJ841 CCA8566 Hardin TX Village Creek SP 
12 NDJ801 CCA8551 Limestone TX Fort Parker SP 
13 KU289461 no voucher Smith TX Camp Tyler 
14 NDJ797 CCA8547 Fannin TX Bonham SP 
15 NDJ1 no voucher Evangeline LA Chicot SP 
16 NDJ14 no voucher St. Mary LA Bayou Tech NWR 
17 NDJ453 no voucher Pointe Coupee LA North of Hwy 190 
17 NDJ454 no voucher Pointe Coupee LA North of Hwy 190 
17 NDJ455 no voucher Pointe Coupee LA North of Hwy 190 
17 NDJ456 no voucher Pointe Coupee LA North of Hwy 190 
17 NDJ457 no voucher Pointe Coupee LA North of Hwy 190 
18 H19751 LSUMZ87215 Winn LA Zion Rd. 0.25 mi. W. of LA 472 
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19 NDJ774 CCA8532 Bradley AR Moro Bay SP 
20 NDJ581 CCA8440 Montgomery AR Ouachita NF 
21 NDJ495 no voucher Phillips AR Helena: Great River Rd. 
22 NDJ765 CCA8529 Stone AR Ozark NF 
23 NDJ788 CCA8543 Muskogee OK Greenleaf SP: at trailhead 
24 NDJ785 CCA8540 Cherokee KS Spring River Wildlife Area 
25 NDJ865 CCA8572 Douglas KS Clinton Lake 
26 NDJ782 CCA8537 Dallas MO Bennett Spring SP 
27 NDJ758 CCA8523 Cape Giradeau MO Trail of Tears SP 
28 NDJ71 LSUMZ89409 E. Baton Rouge LA Hooper Road Park 
29 NDJ651 no voucher E. Feliciana LA East Feliciana NWR 
30 NDJ877 CCA8581 St. Helena LA Amite River Bridge 
31 NDJ942 no voucher St. Helena LA Grangeville 
32 H18440 LSUMZ83720 Livingston LA Tickfaw SP 
32 H2830 no voucher Livingston LA Tickfaw SP 
33 NDJ854 CCA8570 St. Helena LA Hutchinson Creek WMA 
34 H3037 no voucher Livingston LA Livingston 
35 NDJ975 no voucher Tangipahoa LA Indian Creek Cmpg & RV Park 
36 NDJ964 no voucher Tangipahoa LA Yogi Bear's Jellystone Cmpg 
36 NDJ965 no voucher Tangipahoa LA Yogi Bear's Jellystone Cmpg 
37 NDJ958 no voucher Tangipahoa LA Southeast Hammond 
37 NDJ954 CCA8614 Tangipahoa LA Southeast Hammond 
38 H18668 LSUMZ84463 Washington LA Lee Memorial Forest 
39 NDJ702 CCA8485 Perry MS De Soto NF 
39 NDJ703 CCA8486 Perry MS De Soto NF 
39 NDJ704 CCA8487 Perry MS De Soto NF 
40 NDJ644 LSUMZ89702 Wilkinson MS Clark Creek Natural Area 
40 NDJ645 LSUMZ89702 Wilkinson MS Clark Creek Natural Area 
41 NDJ766 CCA8530 Sharkey MS Delta NF 
41 NDJ767 CCA8531 Sharkey MS Delta NF 
42 H1938 no voucher Choctaw MS 4 mi S, 2.3 mi W of Choctaw L. 
43 NDJ714 CCA8489 Tuscaloosa AL Lake Lurleen SP 
43 NDJ715 CCA8490 Tuscaloosa AL Lake Lurleen SP 
44 NDJ719 CCA8494 Shelby AL Oak Mountain SP 
44 NDJ720 CCA8495 Shelby AL Oak Mountain SP 
45 NDJ483 CCA8405 Benton MS Holly Springs NF 
46 NDJ742 CCA8509 White TN Rock Island SP 
46 NDJ746 no voucher White TN Rock Island SP 
47 NDJ480 no voucher Henderson TN Natchez Trace SRP & Forest 
48 NDJ748 CCA8513 Christian KY Pennyrile Forest SRP 
48 NDJ749 CCA8514 Christian KY Pennyrile Forest SRP 
49 NDJ752 CCA8517 Lyon KY Land Between the Lakes NRA 
49 NDJ753 CCA8518 Lyon KY Land Between the Lakes NRA 
50 NDJ755 CCA8520 Pope IL Rauchfuss Hill RA 
50 NDJ757 CCA8522 Pope IL Rauchfuss Hill RA 
51 NDJ991 no voucher Mobile AL Escatawpa Hollow Cmpg 
51 NDJ992 no voucher Mobile AL Escatawpa Hollow Cmpg 
51 NDJ988 CCA8626 Mobile AL Escatawpa Hollow Cmpg 
51 NDJ989 CCA8627 Mobile AL Escatawpa Hollow Cmpg 
51 NDJ990 CCA8628 Mobile AL Escatawpa Hollow Cmpg 
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51 NDJ993 no voucher Mobile AL Escatawpa Hollow Cmpg 
51 NDJ994 no voucher Mobile AL Escatawpa Hollow Cmpg 
52 NDJ693 CCA8480 Baldwin AL Historical Blakeley SP 
52 NDJ694 CCA8481 Baldwin AL Historical Blakeley SP 
52 NDJ695 CCA8482 Baldwin AL Historical Blakeley SP 
53 NDJ687 CCA8476 Santa Rosa FL Blackwater River SF 
53 NDJ690 no voucher Santa Rosa FL Blackwater River SF 
53 NDJ691 no voucher Santa Rosa FL Blackwater River SF 
53 NDJ688 CCA8477 Santa Rosa FL Blackwater River SF 
54 H18327 LSUMZ83571 Okaloosa FL 1-10 Exit 11, south of Holt 
55 NDJ682 CCA8473 Holmes FL Ponce de Leon Springs RA 
55 NDJ683 CCA8474 Holmes FL Ponce de Leon Springs RA 
55 NDJ684 CCA8475 Holmes FL Ponce de Leon Springs RA 
56 NDJ678 CCA8470 Washington FL Falling Waters State RA 
56 NDJ680 no voucher Washington FL Falling Waters State RA 
56 NDJ679 CCA8471 Washington FL Falling Waters State RA 
57 NDJ1006 CCA8636 Washington FL Hightower Springs Landing 
57 NDJ1007 CCA8637 Washington FL Hightower Springs Landing 
57 NDJ1008 CCA8638 Washington FL Hightower Springs Landing 
57 NDJ1009 CCA8639 Washington FL Hightower Springs Landing 
58 NDJ1003 no voucher Gulf FL Dead Lakes Park 
58 NDJ1004 no voucher Gulf FL Dead Lakes Park 
58 NDJ1001 CCA8633 Gulf FL Dead Lakes Park 
58 NDJ1002 CCA8634 Gulf FL Dead Lakes Park 
59 NDJ999 no voucher Jackson FL Florida Caverns SP 
59 NDJ995 CCA8629 Jackson FL Florida Caverns SP 
60 NDJ677 CCA8469 Liberty FL Torreya SP 
61 NDJ501 CCA8407 Huston AL Chattahoochee SP 
61 NDJ502 CCA8408 Huston AL Chattahoochee SP 
65 UAHC14453 UAHC14453 Coffee AL no details 
65 UAHC14758 UAHC14758 Coffee AL no details 
63 NDJ669 CCA8462 Lee AL Chewacla SP 
63 NDJ670 CCA8463 Lee AL Chewacla SP 
64 NDJ657 no voucher Baker GA Joseph W. Jones ERC 
64 NDJ658 no voucher Baker GA Joseph W. Jones ERC 
65 NDJ511 CCA8414 Liberty FL Apalachicola NF: Whitehead L. 
66 NDJ515 CCA8416 Marion FL Silver Glen Springs 
67 NDJ520 CCA5420 Baker FL Hwy 250 at Middle Prong Cr. 
68 NDJ721 CCA8496 Monroe GA High Falls SP 
69 NDJ536 CCA8429 Hampton SC Lake Warren SP 
70 NDJ728 CCA8502 Orangeburg SC Santee SP 
71 NDJ740 CCA8507 Durham NC Falls Lake State RA 
72 NDJ555 CCA8431 Columbus NC Lake Waccamaw SP 
73 NDJ567 CCA8435 Suffolk VA Great Dismal Swamp NWR 
74 NDJ371 no voucher W. Baton Rouge LA Erwinville 




































ID County State Locality Lat Long 
1 Pointe Coupee LA N. of Hwy 190 30.5546 -91.5225 
2 Pointe Coupee LA Portage Canal: ~5 miles W. of False River 30.6660 -91.5151 
3 Pointe Coupee LA Chenal: off Hwy 414 30.6254 -91.3777 
4 West Baton Rouge LA E. of Bueche Rd., just N. of W. Bueche Rd. 30.5893 -91.3523 
5 East Baton Rouge LA Hooper Road Park 30.5327 -91.1175 
6 East Baton Rouge LA Waddill WMA 30.4905 -91.0320 
7 Concordia LA Buckner Bayou: off Hwy 65, W. of L. St. John 31.7502 -91.4775 
8 Concordia LA E. of L. St. John 31.6993 -91.4372 
9 Adams MS Natchez State Park 31.6021 -91.1964 
10 East Carroll LA Bayou Macon WMA: Buck Bayou Trail 32.8574 -91.2895 
11 Washington MS W. of L. Washington 33.0683 -91.0691 
12 Washington MS Yazoo NWR 33.0765 -90.9732 
13 Washington MS Leroy Percy State Park 33.1656 -90.9367 
14 Montgomery AR Ouachita National Forest 34.6223 -93.8020 
15 Benton MS Holly Springs National Forest 34.6994 -89.2384 
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